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FOREWORD

The Applied Diamond Conference (ADC) was established in 1991 to promote practical applications

and to enable sciences and technologies of diamond-related wide bandgap semiconductors, and superhard

materials. The first ADC was held at Auburn University and has since been held biennially in Japan,

Europe, and the United States. The exploration and rapid advances in sciences and applications of

diamond-related materials expanded into significant and novel carbon materials and nanostructures such as

fullerenes, nanotubes, C-N, B-C-N compounds, and so on, leading to the establishment of the International

Conference on Frontier Carbon Technology (FCT) that was first held jointly with the Fifth Applied

Diamond Conference (ADC/FCT '99) in Tsukuba, Japan, in 1999.

These are the Proceedings of the Sixth Applied Diamond Conference/Second Frontier Carbon

Technology Joint Conference hosted by Auburn University from August 6 to 10, 2001. The diamond CVD

process was first reported by Dr. Spitsyn in 1981 and Prof. S. Iijima reported his discovery of carbon

nanotubes in 1991. In the past years, both diamond-related materials and novel carbon materials have

attracted considerable interest by the scientific, technological, and industrial community. Many practical

and commercial products of diamond materials are reported in these proceedings. A broad variety of

applications of carbon nanotubes and novel carbons have also been explored and demonstrated. Having

more than 200 invited and contributing papers by authors from over 20 countries for presentations at

ADC/FCT 2001 clearly demonstrates that these materials, due to the combination of their superior

properties, are both scientifically amazing and economically significant.

Invited speakers, contributing authors, and participants comprising leading scientists, R&D managers,

engineers, researchers, investors, and funding officers will gather at the Auburn University Hotel and

Dixon Conference Center to exchange their visions and discuss manufacturing, application, technological,

and enabling fundamental issues on diamond materials, nitrides, carbides, carbon nanotubes, and related

nanomaterials, structures, devices, and systems. Due to the multidisciplinary nature of this conference, five

pre-conference short courses are offered. It is our wish that by means of this conference, accelerated

commercialization as well as novel and practical applications of this wonderful class of materials will be
achieved.

We thank all of the sponsors, invited speakers, instructors, contributors, attendees, committee

members, and session chairs who have made this conference a success.

Y. Tzeng
Conference Chairman

M. Murakawa

Organizing Committee, Co-chairman

K. Miyoshi

Program Committee, Chairman

M. Yoshikawa

Organizing Committee, Co-chairman

Y. Koga

Program Committee, Co-chairman

K. Kobashi

Program Committee, Co-chairman

G.A.J. Amaratunga

Program Committee, Chairman
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ABSTRACT

The National Science Foundation supports basic research in materials science and engineering through a

number of different divisions and programs and in a number of different funding modes. As part of that

activity, research in surface engineering has been growing quite rapidly during the past ten years, much of

it focused on hard coatings for tribological applications which will be a primary focus of this presentation.

NSF funds primarily university researchers. Most projects are quite small and are carried out by a

professor with one or two graduate students, but small groups and even quite large centers are also

supported, with many of the centers focused on encouraging industry-university collaboration in research.

Projects are selected for support based on research proposals, most of them unsolicited. They are evaluated

by other members of the research community. This system is intended to bring forth the best quality basic

research, with no specific "mission" application, as determined by the research community and not by

bureaucrats in Washington.

In this paper I will summarize a sampling of past and current research projects on diamond and DLC

coatings, on hard coatings in general, and on carbon nanotubes and carbon nanotechnology. The topics

cover the range from materials science and processing, to mechanics of thin film and non-destructive

testing. Some of the examples are:

in-situ sensors for CVD process control

use of buckyballs as boundary lubricant films

use of buckyballs in "shot peening" of growing optical films

deposition and properties of carbon nitride films

ion beam implantation for various property modifications
wear of C* films on hard disks

nanolayered films for improved hardness

polishing of CVD diamond films

measuring properties of coating/substrate interface with shear waves

nanoindentation and nanoscratching to determine mechanical properties of thin films

mechanics of structured and layered thin films
nanomechanics

preparation of carbonaceous and diamond films from SiC

techniques for determining internal stresses in thin films

In the past few years, a major national initiative has been launched on the general topic area of

nanotechnology. NSF is a major participant in this activity and a large number of proposals have recently

been evaluated. A number of those deal with carbon nanotubes in a variety of intended applications, from

fibers in composite materials to heat transfer films, and with a number of ways of making, testing, and

manipulating the fibers. Some of the recently initiated research projects in this area will also be discussed.

The nanotechnology initiative has generated much public interest and it appears that it will receive

significant funding for several years to come. This should provide excellent opportunities for researchers

in the area of carbon and other nanotubes as well as other forms of carbon nanotechnology.

Keywords: NSF, hard coatings, nanotubes, nanotechnology initiative, mechanical properties,
nanomechanics
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The Solid State and Materials Chemistry program at the Office of Naval Research (ONR) is currently

investing in a number of research activities related to carbon nanotubes. The emphasis is on the science and

technology (S&T) of single walled nanotubes (SWNT) although development of multi walled nanotube S&T

(MWNT) is considered when unique opportunities exist.

The program seeks to address S&T issues in nanotubes from both supply and demand. From the demand

perspective, the program is interested in new concepts and ideas where nanotubes (particularly SWNT) exhibit a

unique and demonstrable capability/property. For example, the program has supported activities to demonstrate the

strength ofnanotubes, examine field emission properties, and demonstrate unique device operation. From a supply

perspective the program is interested in activities that enable the synthesis and use of these materials.

This presentation will provide an overview of current activities and recent accomplishments of ONR

investigators as well as a perspective on the future impact of carbon nanotubes in Navy/Marine Corp systems.
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ABSTRACT

This paper will address an overview of current R&D activities in Frontier Carbon Technology (FCT) Project

operated by Japan Fine Ceramics Center (JFCC) under the auspices of New Energy and Industrial Technology

Development Organization (NEDO) and Ministry of Economy, Trade and Industry (METI). The FCT Project

started in 1998 as a 5-year project, but it will be renewed a year earlier, following the entire reorganization of the

Japanese government.

Keywords: FCT Project, diamond, carbon nanotube, diamond CVD reactor

INTRODUCTION

Our interest in R&D is a new class of carbon materials (that we call Frontier Carbons) represented by such

materials as diamond, DLC, carbon nanotube, and fullerene that have new and unique characteristics in mechanical,

electronic, and chemical properties that have not been known for conventional carbon materials. It is thus expected
st

that Frontier Carbons can be new basic materials after metals and ceramics for an industrial use in the 21 century.

The purpose of the FCT Project is to develop basic technologies, common to different industrial sectors, of the

new carbon materials. The Project basically consists of two categories: (1) New materials synthesis and (2) Materials

processing. The latter is further divided into (a) Electrically fimctional materials processing and (b) Mechanically

functional materials processing.

R&D SUBJECTS

The Project is carried out in two Central Research Laboratories: one in the National Institute of Advanced

Industrial Science and Technology (AIST) at Tsukuba, and the other in Osaka University. In addition, there are five

Satellite Research Laboratories in private companies to utilize their facility. The member organizations include 15

private companies, two research organizations as well as 5 national research laboratories, 6 universities, and three

overseas research groups.

Followings are major research subjects in the three groups:

(1) New Materials Syntheses
- Synthesis of new materials by Electron Beam-excited CVD, multiple ion beams, detonation, and laser

ablation

- Large-scale production of carbon nanotube
- Design of reaction paths and materials syntheses

- Synthesis of anti-corrosive films in high temperature environment

(2a) Electrically Functional Materials Processing
- Control of film morphology using 60 kW microwave plasma CVD reactor

- Field emission mechanism from diamond powder

- Fabrication of sharp emitter tips using single crystal diamond

- Synthesis ofhomoepitaxial diamond slab

- Synthesis ofheteroepitaxial film

(2b) Mechanically Functional Materials Processing

- Deposition of graded-composition films

- Film coatings on complex-shape substrates

- Large-area film coatings

NASA/CP--2001-210948 5 August 6, 2001
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LARGE CVD REACTORS

Since one may able to obtain a catalogue that describes the project detail (Please contact: fct.jfcc.kamejima @

nifty.ne.jp), and the latest results will be later presented by the Group Leaders in this conference, we would like

describe two major microwave plasma CVD reactors for diamond deposition under development in the FCT Project.

Figure 2 is a 60 kW 915 MHz CVD reactor made by ASTeX/Seki Technotron. This system is installed in the

Central Research Lab at Osaka University. The maximum substrate size is 6 inches, and the standard operational

conditions are as follows: 60 kW, 100 Torr, 5%CH4/H2, and the substrate temperature 850 °C. The substrate holder

is water-cooled, and the substrate temperature is more precisely controlled by changing the plenum pressure

(between the substrate holder and the substrate). The plasma shape is disk-like and quite uniformly covers the

substrate, though there still exists a temperature gradient across the 6-inch substrate. The system runs quite

smoothly without problems. The chamber diameter is about 1 m.

._--- Source gas

Exaust I._ _ _1 Cao!ingwa!er

Prenunl pressure

co ntro l

Figure 2. 60 kW 915MHz microwave plasma CVD reactor (1)

The second reactor is custom-made by Sumitomo Electric, where the microwave scale is similar to the above.

This reactor was designed to make a thick homoepitaxial diamond layer with a minimal defect density. Thus, the

gas flow and the electromagnetic distribution are carefully evaluated in the design, and it has more mechanisms than

those of Fig. 1 for fine-tuning the growth conditions. This system is installed in Sumitomo Electric.

Microwave

(60 kW, glfi MHz)

Ouartzwinduw _J_- -- Plasma Water-cooled chamber

Viewing port Y _(gold coated)

-'_ _ _/ _ sD_aEm,_ narde

"":':::::!:!:!:_:i'i:!'!"""
Metal "% ° "'"'"'° °%°

[I II [_ii_[P--,R°'a'i ..... ha°ismII II
H I_°'tr°"e'_ II II
II ILI I I I Positi ..... troI--H--HI
[J _ I I guide u U

Figure 3. 60 kW 915MHz microwave plasma CVD reactor (2)
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CONCLUSION

Since the functions of Frontier Carbons are diverse, many practical applications can be considered. The

synthesis and processing technologies for Frontier Carbons will give great benefits for new industries. For example,

in the energy field, Frontier Carbons will be used for high-performance lightweight batteries and hydrogen storage

materials. In the electronics, information and communication fields, Frontier Carbons will be used for electron

emitter materials and surface acoustic wave filters. In the machinery, aeronautics, and space fields, they will be

applied for maintenance-free systems and cutting tools due to their abrasion resistant properties. In the optical field,

Frontier Carbons will be used for optical window materials due to their high transparency over a wide wavelength

range. In the chemical and environmental fields, they will be used for anticorrosive coatings. Lastly, in the medical

field, Frontier Carbons will be utilized for artificial medical materials due to their affinity with biological substances.

Furthermore, judging from the electronic, mechanical, optical, and other properties, diamond is expected to be

widely used in many aspects of medical applications.

Finally, it is expected that this presentation will encourage other countries to start new and large-scale projects

for Frontier Carbons and other new materials to further stimulate international collaborations.

This work was supported by FCT Project, which was consigned to JFCC by NEDO.
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In the group of the novel materials synthesis technology, R & D is carried out to synthesize novel carbon

materials such as nanotube, pressure-induced polymer of single carbon nanotube, heterodiamond, carbon nitride etc.

using thermal decomposition, MWCVD and high pressure techniques.

In this paper we report (1) the highly oriented carbon nanotubes by sublimation decomposition from single

crystal of SiC, (2) the highly oriented carbon nanofibers and hollow nanofibers by MWCVD from methane and

argon mixture gas and, (3) the polymerization of single carbon nanotubes by high pressure method. __

(1) Highly Oriented Carbon Nanotubes by Sublimating Decomposition of SiC film: (Dr. M.Kusunoki et al.)

Carbon nanotube (CNT) has novel electric, optical, chemical and mechanical properties according to its unique
configuration. CNTs have been produced by carbon-arc discharge technique, catalytic pyrolysis of hydrocarbons and

condensed phase electrolysis. In many cases CNTs are usually oriented randomly with a wide distribution of
diameter and length. Kusunoki(JFCC) et al. have developed a very simple method of producing highly oriented
CNTs. The alignment method is based on the self-organization by sublimation decomposition of single crystal SiC

in a vacuum at the temperature between 1500 and 1700 °C. Fig. 1 shows the TEM micrograph of CNT film on the
surface of an _-SIC(0001) wafer heated at 1700 °C for 30 min. The formation mechanism of CNT is proposed

according to the results of the observations of high-resolution transmission electron microscopy. In the initial

process of the formation of CNT the graphite nanocaps of 2-5 nm in size were observed. The surface of the SiC is
oxidized by residual oxygen in the chamber and SiO gas and solid carbon are generated. With the evaporation of
SiO gas the graphite sheets are successively deformed to form nanocaps of graphite. And then cylindrical graphite

sheets with the diameter of the nanocaps grow perpendicularly on the SiC. The CNTs grow, eroding the SiC single

crystal.

:..,;.:,.:.,.:.:.,., ,:+:., ...°.;._,:::..>>:.;.:.>5:,, .>;,,:. :.>>." .:,,; ._,;.>l
_ ::::::::::::::::::::::::::::::::::::::::::::::::::::::@:::::::._ ::.$::::_::'@:

......... _ _,. ..... _ ...... _..

...... .......N':" :'.'"_ ' '*""%'% .'." ',"

.........._L_ • _",'!_. w '

FIGURE 1.HIGHL Y ORIENTED CNTS PRODUCED AT 1700 °C FOR 30 MIN.

(2) Highly oriented carbon nanofibers and hollow nanofibers by MWCVD: (Mr. F.Hoshi et al.)
In Figs. 2(a) and 2(b) highly oriented carbon nanofibers and hollow carbon nanofibers grown by MW ECR-

CVD method using methane and argon mixture gas at a temperature of 550 °C are shown. The carbon nanofibers

and the hollow carbon nanofibers were grown perpendicularly on Si substrates and on Si substrates coated with Ni
catalyst, respectively. From TEM analysis the diameter and length of the nanofibers are about 60 nm and 15/4m ,

1

respectively. Raman spectra of these highly oriented carbon nanofibers showed new bands of 1340 and 1612 cm- of
the first-order Raman scattering and 2660, 2940, and 3220 cm -1 of the second-order Raman scattering. By the

measurement ofXPS CIs band energies of 284.6 for the carbon nanofiber and 284.7 eV for the hollow carbon

nanofiber indicate mainly sp 2 carbon component. Field emission characteristics of the highly oriented carbon
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nanofibersandhollowcarbonnanofiberswereinvestigatedandthecurrentdensitieswere7.25mA/cm2and
0.69mA/cm2at12.5V/pm,respectively.

" -i.

FIGURE 2. HIGHLY ORIENTED CARBON FIBERS AND CARBON HOLLOW FIBERS PRODUCED AT

550 °C USING ECR-MWCVD METHOD.

(3) Polymerization of single carbon nanotubes by high pressure method: (Dr. M.Popov et al.)

The P-SWNTs were synthesized by applying a shear deformation under load in a diamond anvil cell; the
procedure of stress tensor variation. Single wall carbon nanotubes(SWNT) were pressurized up to 55 GPa.

Experimental evidence of pressure-induced polymerization of SWNT under the pressure were obtained. A new
superhard composed ofpolymerized single wall carbon nanotubes (P-SWNT) has been synthesized which exhibits a
bulk modulus exceeding or comparable with that of diamond.

5 10 15 20 25 30 35 40 45

Displacement into surface (rim)

FIGURE 3. FORCE-DEPTH INDENTATION CUR VES OF P-SWNT (MARKED B Y SOLID CIRCLES),

CUBIC BN FACES (100) (MARKED BY HOLLOW CIRCLES) AND (111) (MARKED BY CROSSES) AND

FUSED SILICA (MARKED B Y HOLLOW TRIANGLE) ARE PLOTTED.

The process of polymerization is accompanied by irreversible changes in the Raman specra. Bulk modulus of 462 to
546 Gpa was found out for P-SWNT from the Raman mode of 1590cm -1. Hardness measured by nanoindentation

method was in between 62 to 150 Gpa from the comparative study of P-SWNT and the single crystals of diamond
and cubic boron nitride.
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ABSTRACT

The "Frontier Carbon Technology (FCT)" project, focused on R&D in processing technologies for materials with

excellent mechanical properties such as low friction, wear resistance, corrosion resistance, and so on, was conducted.

Processing technology for materials with excellent tribological properties was developed by both antenna-induced

microwave plasma CVD and ion-plating. Nano-size diamond film with a low friction coefficient of around 0.1 and

low wear of around 1 "10 -7 mm3/Nm was deposited. The adhesion of DLC film to the substrate was improved using a

system consisting of ECR plasma-enhanced CVD combined with high-energy ion implantation. The ion implantation

of C ions clearly improved the adhesion of DLC film to a metal substrate. Processing technology for carbon films

deposited uniformly on complexly shaped substrates was developed using plasma-based ion implantation. DLC films

deposited on surfaces with different microwave incident angles had fairly uniform thickness. The effects of factors

such as environments, mating materials, and normal loads on friction and wear properties of DLC films deposited by

ion-plating and RF plasma CVD were determined using ball-on-plate friction testers.

To develop carbon films usable in a high-temperature corrosive environment, combined films composed of B4C

and c-BN were studied using electromagnetically accelerated plasma spraying and ion beam sputtering. Diamond

films deposited uniformly on large-area substrate were developed by microwave plasma CVD.

Keywords: tribology, friction, wear, DLC film, microwave plasma CVD, ion plating, plasma-based ion implantation,

high-energy ion implantation

INTRODUCTION

In Japan, a national project on highly functional carbon and related materials technology, "Frontier Carbon

Technology (FCT)" was conducted from 1998 following a five-years plan. The FCT project consisted of 2 types of

R&D, i.e., R&D on new materials synthesis technologies and material processing technologies. R&D on material

processing technologies included 2 processing technologies for electrically and mechanically functional materials. In

R&D on mechanically function materials, processing technologies for materials with excellent tribological properties

or corrosion resistance at high temperatures were developed. Film deposition technologies on complexly shaped

substrates or large-area substrates were developed. This paper details the progress of R&D in mechanically

functional materials processing technologies, focusing on those with excellent tribological properties.

PROCESSING TECHNOLOGY FOR CARBON FILMS WITH LOW FRICTION
AND HIGH WEAR RESISTANCE 1'2)

Nano-size diamond films were prepared by antenna-induced microwave plasma CVD enabling deposition of a

uniformly thick film. The substrate was a Si wafer and the material gas a mixture of methane and hydrogen. The

surface morphology of film samples deposited under a hydrogen gas flow of 100 sccm and a methane gas flow of 10

sccm (C1) and 20 sccm (C2) is shown in Fig. 1. The C1 surface shows 50-200 nm size grains, and the C2 surface

very fine grains of 20-50nm. X-ray diffraction measurement showed diamond peak from (111), (220), and (311)

planes in both C1 and C2. The average surface roughness of C1 and C2 measured by AFM was 24 nm and 7 nm,

whose average hardness measured by nano-indentation was 83 and 94 GPa.

Friction and wear properties of nano-size diamond films were examined by a ball-on-disk friction tester using

SiC and steel balls (SUJ2). Fig. 2 shows the friction behavior of C1 and C2 sliding against the SiC ball. The C2

sample with very fine grains had a fairly low friction coefficient of around 0.16, although the friction coefficient of

C1 with coarse grains was considerably higher, perhaps due to the abrasive action of coarse grains. When a SUJ2 ball

was used as the mating ball, the friction coefficient was slightly higher than that of the SiC ball. Specific wear rate of
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C2 was a low 8*10-Smm3/Nm, but that of C1 could not be measured due to the existence of many adherent materials.

A nano-size diamond film was deposited with a methane content of 23at%. XRD analysis of this film showed a fairly

broad diffraction peak suggesting the existence of an amorphous phase. The average crystal size was 32nm and

average microhardness was 55GPa. Friction and wear tests sliding against steel balls showed a low friction

coefficient of 0.11, a low film wear of 1 * 10 .7 mm3/Nm, and a low ball wear of 5" 10-7mm3/Nm.

Active dangling bonds generally occur on the surface of diamond and may increase adhesion between sliding

materials. To reduce the friction of nano-size diamond against a SUJ2 ball, nitrogen-doped nano-size diamond films

were deposited. The addition of nitrogen to nano-size diamond films decreased microhardness and slightly increased

surface roughness, although XPS analysis showed the nitrogen content in film to be very low value at 0.65 at% even

at a maximum nitrogen flow of 40 sccm. The friction coefficient of nitrogen-doped films is shown in Fig. 3. The

friction of films against SUJ2 balls decreased with increasing nitrogen content. XPS analysis showed the ratio of Fe

residue to carbon atoms on the friction track decreased, with increasing nitrogen content. These results suggest that

nitrogen in nano-size diamond film restricts the transfer of Fe and reduces friction.

In the addition of R&D to carbon films by antenna-induced microwave plasma CVD, amorphous C and CN films

were developed using ion-plating. Recent results showed that radiation of Ar ions during the deposition of a-CN

films improves friction and wear properties, as will be detailed elsewhere in the near future.

• , • . .._o •

Fig. 1 Surface morphology of nano-size diamond films
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Fig. 3 Friction coefficient of nitrogen-doped nano-size diamond films
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PROCESSING TECHNOLOGY FOR DLC FILMS WITH EXCELLENT ADHESION 3'4)

The strength of DLC film adhesion to substrates was improved using an apparatus consisting of ECR plasma-

enhanced CVD combined with high-energy ion implantation (Fig. 4). The advantage of this apparatus is that it

conducts CVD coating and ion implantation simultaneously. DLC film was deposited on a Ni-base alloy of Inconel

718 using ethylene gas. Carbon ions with a high energy of 50 keV were implanted in DLC film. AES analysis

showed that DLC with ion implantation had a mixed layer with a carbon concentration of around 40 at.%.

Friction and wear properties were evaluated using a ball-on-disk friction tester. DLC film with ion implantation

maintained a low friction coefficient of less than 0.2 until about 45,000 revolutions (Fig.5), while a film without ion

implantation increased to the friction coefficient of more than 0.2 only after about 5,000 revolutions. The wear of

DLC film with ion implantation was low at around l*10-7mm3/Nm even at 30,000 revolutions, while that of film

without ion implantation was around 3*10-7mm3/Nm at 5,000 revolutions. This low wear of film with ion

implantation was maintained until the friction revolution at which the film was fully worn. These results suggest ion

implantation is very effective to the improvement of the strength of DLC film adhesion.

.......,I, III

High voltage

power supply

Ion soume

Fig. 4 Apparatus
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Fig. 5 Friction coefficient of DLC films with and without ion implantation

PROCESSING TECHNOLOGY FOR CARBON FILMS DEPOSITED
5 6)ON COMPLEXLY SHAPED SUBSTRATES '

Carbon films deposited uniformly on complexly shaped substrates were developed using plasma-based ion

implantation (PBII) developed in the FCT project (Fig. 6). ECR plasma with a mirror field was used to generate a

high-density plasma. A substrate was connected to a high-voltage power supply with a pulse generator. Negative DC

bias and high-voltage pulses were supplied simultaneously to the substrate. The substrate was a Si wafer placed on a

hexagonal prism holder of stainless steel. Methane was the raw material.

The distribution of DLC film thickness on each face of the hexagonal prism against the microwave incident angle

to the surface is shown in Fig. 7. Film thickness is fairly uniform, despite the thickness scattering exceeding 20%.
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Ramanspectrumanalysisshowedthatwhenthemicrowaveincidentangledecreased,theID/IGratioincreased
slightly,perhapsduetotheslightdifferencein theratiooffilmthicknessdepositedduringnon-pulsebiasandthe
amountofirradiatedionsbychangingthemicrowaveincidentangle.

FrictionpropertiesofDLCfilmsdepositedbychangingthemicrowaveincidentanglewereevaluatedusinga
ball-on-diskfrictiontester.Fig.8showsthedependenceofthefrictioncoefficientonthemicrowaveincidentangle.
ThefrictioncoefficientofDLCfilmdecreasedslightlydecreasingmicrowaveincidentangle,similartotheID/IGratio
inRamanspectra,althoughthecorrelationbetweenthefrictioncoefficientandtheID/I_ratioisnotyetknown.
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EFFECTS OF DIFFERENT FACTORS ON DLC FILM TRIBOLOGICAL PROPERTIES 7's)

To determine the design concepts for obtaining tribologically excellent carbon film, we used ball-on-plate friction

testers to clarify the effects of factors such as environment, mating material, and normal load on the friction and wear

properties of DLC films deposited by ion-plating and RF plasma CVD.

Figure 9 shows the friction coefficient of DLC films deposited by ion plating and RF plasma CVD and Si or F

including DLC films under different humidity. These results suggest that the dependence of the friction coefficient on

humidity differs considerably with the deposition method and conditions or film composition, although it is well

known that the friction coefficient is strongly affected by humidity. When mating ball material hardness was

decreased, the friction coefficient of DLC films increased, perhaps because the contact area between the ball and

DLC film is wider when ball is less.
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"r'-
LL

0.05

0.00

1
DLC(CVD) DLC(IP)

_ Humidity 20°/_Humidity 80_

Si-DLC F-DLC

Fig. 9 Friction coefficient of different DLC films under different humidity conditions

PROCESSING TECHNOLOGYFOR ANTICORROSIVE FILMS UNDER HIGH TEMPERATURE

CONDITIONS AND DIAMOND FILMS DEPOSITED ON LARGE-AREA SUBSTRATES 9)

To develop carbon films usable in a high-temperature corrosive environment, we studied combined films

composed of B4C and c-BN. B4C films were deposited using electromagnetically accelerated plasma spraying. The

advantage of this spraying is that spraying powders are very high-velocity and attain very high temperature, enabling

the spraying of material with a high melting point such as B4C. We developed a spraying apparatus and determined

the effects of spraying conditions on film spraying quality. We also studied c-BH films for protecting B4C by ion

beam sputtering.

Diamond films deposited uniformly on large-area substrates were developed by microwave plasma CVD. We

developed an antenna-induced microwave plasma CVD to deposit diamond film uniformly on large-area substrate

such as glass plate.
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ABSTRACT

The R&D subjects in the Electrically Functional (EF) Group of the FCT Project at the Central Research

Laboratory (CRL)in Osaka University are focused on diamond. They include (1) morphology control of diamond

films grown by a 60 kW 915 MHz microwave plasma CVD reactor, (2) fabrication of sharp emitter tips on single

crystal diamond and (3) characteristics control of field emission from diamond particles. Both Sumitomo Electric

(SEI) and Kobe Steel (KSL) have Satellite Research Labs in the companies and are associated with the CRL: (4)

SEI develops a new CVD reactor to grow large single crystal diamond with a low density of defects by CVD, while

(5) KSL undertakes heteroepitaxial growth technology development of diamond films on Pt.

Since the start of the Project, there are remarkable achievements in each subject, and this paper will present the

latest results obtained in the Group.

INTRODUCTION

The diamond research in the EF Group at Osaka University CRL consists of 5 major subjects: (1) diamond

growth by a 60 kW 915 MHz microwave plasma CVD reactor, (2) fabrication of sharp emitter tips, (3) field

emission from diamond particles, (4) development of a new CVD reactor for homoepitaxial growth, and (5)

heteroepitaxial growth on Pt. It must be emphasized that these technologies are developed not for scientific purposes

but to actually use for real products and production in the near future. To this end, our efforts were focused more on

finding new regimes in the process parameters and the identification of optimized regions than understanding the

mechanisms. This is because there are a number of possible hi-tech applications of diamond and diamond films, as

shown in Fig. 1, and it is most urgent at the present stage to undertake feasibility studies for each item.

DIAMOND FILM GROWTH ON LARGE AREA USING A 60-kW REACTOR

The 60-kW, 915-MHz microwave plasma CVD reactor was installed by ASTeX/Seki Technotron, as shown in

Fig. 2 (ref. 1). Usually, the reactor was operated using CH4/H2 under the conditions of {60 kW, 100 Torr, 800 - 900

°C}. The recommended substrate is a 12-mm thick Si plate, but we also use standard Si wafers. The plasma

generation is very smooth and stable, and so far there was no serious troubles in the reactor. Our purpose of this

project is to study various film morphologies by changing the CH4 concentration c and the substrate temperature Ts

that is a fimction of the gas pressure and the microwave power. It might appear that given c and Ts, the domains for

different film morphologies would be similar to those of small (i.e., 1.5 kW) reactors.

It was however found that in the c-Tsplane, the domains of<100>- and <11 l>-oriented growth in the c-Ts plane

are totally reversed between the 60 kW and small reactors (ref. 2). For small reactors, <11 l>-oriented domain is

known to exist at higher temperature than the <100>-domain, while it is opposite in Fig. 3. It is not certain at the

present stage how the crossover of the domain takes place as the gas pressure is increased from about 30 Torr for
small reactors to 100 Torr for the 60 kW reactor.

It also is of interest that the film morphologies are unique. For the <100>-oriented film (top of Fig. 3), the

comers surrounded by (111) faces are sticking out of the film surface. On the other hand, for the <11 l>-oriented film

(bottom of Fig. 3), the majority of the diamond faces is (111) that seem to be mutually twinned.

The a parameters were evaluated from the change in the isolated crystal shape with time, and the approximate

curves for a = 1.5 and 3 are shown in Fig. 3. Compared with the results ofref. 1, it is seen that the curves are

shifted toward the high temperature side. Further, there was indication that when a > 3, <11 l>-oriented diamond

films were grown, which is in contradiction to the conventional result that the orientation is < 100>.

One of our future tasks is to elucidate those interesting phenomena.
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Figure 1. Applications of diamond and required technologies

PLASMA ETCHING OF DIAMOND

Fabrication of a sharp tip and their array using diamond would be useful for field emission tips, various sensors

and devices, actuators, and optical components. In particular, a use of single crystal diamond is advantageous over a

use of polycrystalline diamond films, because the tips are single crystal so that a uniform function is expected by

each tip. In the present study, we used a standard reactive ion etching system. For the etching gas, a mixture of CF4

and 02 was used, and the A1 masks were photolithographically fabricated on single crystal (100) diamond surface.

One of the etched samples is shown in Fig. 4. It is obviously seen that the length of the diamond column is

9.5 gm, its diameter is 1.2 gm, i.e., the aspect ratio is 8. The etching rate was as high as approximately 9.5 gm/h.

Emitter fabrication technologies combined with diamond CVD also are ongoing (ref. 3).
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Figure 4. RIE etching of single crystal diamond

FIELD EMISSION

Field emission from diamond is currently a hot topic for applications of flat panel displays and vacuum electron

emitter due to the negative electron affinity of properly surface treated diamond. In the FCT Project, we use diamond

particles sprayed on Mo or other substrates, followed by diamond CVD for 10 - 15 min. We believe that the use of

diamond powder is industrially more feasible because of cost and processing (ref. 4).
The electron emission from diamond

powders can be visible by imaging on a 200 gm

size plate. Figure 5 is the result under a bias of

1.9 kV/mm. Figure 5(a) is an image under a Hg-

Xe light illumination, while Fig. 5(b) is that of a

standard field emission. One may be able to notice

an intense emission spot (hot spot) in the upper

left of Fig. 5(b). Such hot spots have been

observed by Prof. R. Nemanich at NCSU by

PEEM using similar samples. From Fig. 5, it

was confirmed that it is diamond particles that are
emission sources.

:i ========================================
:: ..':"::::::::::::::::::::::::8:::::::'e:.

.

Figure 5. Field emission with Hg-Xe illumination (a) and without light(b)

Figure 6 is the results of electron energy distribution due to field emission. This work was done in

collaboration with Dr. S. Kono of Tohoku University (ref. 5). The experimental setup is shown in the inset and, the

spectra are plotted as a function of extraction voltage V_x. The vertical line indicates the Fermi energy of Si as a

reference. It is seen that the spectral peak shifts to the lower energy side as V_x was increased. Although the

mechanism of the peak shift has not been fully understood yet, we assume that this is related with the band structure
at the interface between diamond and the substrate.

We have scan the surfaces of diamond particles by scanning tunneling microscopy (STM) and measured the I-

V characteristics at each point. It was then found that even on a san-face of 1 gm diamond particle, there were

basically two sites that exhibit different I-V characteristics, as shown in Fig. 7.
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Theupper-leftgraphin Fig.7 is thecaseof narrow
bandgapofapproximately1eV,whiletheupper-rightgraph
is thecasewherethebandgapisapproximately5eV.The
lower-leftfigureis aSTMtopographicimageof 3.8gm
square,showingtheshapeofadiamondparticle.Thelower-
rightfigurecorrespondstothelower-rightfigureexceptthat
thebandgaps(>5eV,1 5eV,0 1eVandghostimages)
aremappedwith25nmsquarepixcels.It wasfoundthatthe
siteswithabandgapofabout5eVarelocatedalongthetop
edgeofthediamondparticle.Webelievethatthistechnique
will beusefulto identifytheemissionsitesandtheir
electronicstates.

Now,it isassumedthatthedataofFig.6suggestthat
a strongbandbendingexistsattheinterfacebetweenthe
substrateandthediamondthatareseparatedbyunidentified
insulator.Usingthisasaworkinghypothesis,weundertook
thefollowingexperiments:wedepositedthin, undoped
diamondlayersonW substrates,andthenseededmicron-
sizediamondparticles.It wasfoundthattheemissionwas
greaterwhentheundopeddiamondlayerthicknesswas0.5
gmthantheyare0.1gmornone.Thisresultshowsthatthe
insulatinginterlayerbetweentheW baseandthediamond
powderplaysanimportantroleinthefieldemission.

Figure 6.
emission. The inset is the experimental setup.
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DEVELOPMENT OF SINGLE CRYSTAL GROWTH

The purpose of this project is to develop (1) the homoepitaxial technology of large single crystals with a

minimal defect density, and a specialized CVD reactor for this purpose. Figure 8(a) is the reactor designed by

Sumitomo Electric. The microwave is guided from the generator on the left, and introduced from the top of the CVD

Figure 8(a) CVD reactor for homoepitaxial growth Figure 8(b)Plasma seen from the viewing port

chamber. The schematic structure of the system is shown in the paper by Prof. Yoshikawa. Figure 8(b) is the plasma

seen via the viewing port. It may be seen that the plasma is located in the center of the chamber above the diamond

substrate. The design of the chamber was carried out in two ways: (i) gas flow analysis and (ii) electromagnetic

analysis. Aplasma emission analysis indicated that under the conditions of {1% CH4/H2, 10 kW, 100 Torr}, the

plasma spectrum was uniform up to 9 mm from the center (18mm in diameter)

The plasma uniformity was experimentally studied by evaluating a parameters across the diamond crystal

substrate. This was undertaken by first fabricating diamond columns of 6 gm in diameter and 5 6 gm in height by

photolithography and plasma etching, and growing diamond by CVD on the substrate. As a result, the columns

change to cubo-octahedrons without the bottom half, and a parameters can be evaluated from the shape. Again, this

experiment showed that the plasma was uniform up to 8 mm from the center.

As a preliminary test, type Ib single crystal diamonds of 3 mm square are placed in an array of 4×4, and the

CVD was done using the reactor shown above. The results are presented in Figs. 9(a) and (b). Figure 9(a) is the

boundary before CVD, where an approximately 10 gm gap existed between adjacent diamond plates. By contrast,

after CVD, such a gap entirely disappeared to be a coalesced single plate. Even though grain boundaries still

remains, a large diamond of 12 mm square will find industrial uses.
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Figure 9(a) Mosaic structure before CVD

===========================================================================
=======================================================================
_-'_l-N_':_'_:_-'._:_:_.':_-.•_._:_:_:._:_._:_:_:_:_:_:_._-._i_:°_:°:•:•:__

_o•o••°•Oo_Oo°oOoOo°oOo°oOoOoOoOoOoOoOoO•Oo•¢Oo•o°• •O••o•oO••oOo•o

 .. l/NiiiiNi!.!!NNiiiiiiiiiiiiiiiii  i i ""N
 NNNN NNiiiiiiiiiiiNiiiiiiiiii

• ?°?o°o_°_°'o°o_o°o?o" °_o°o%°o"o°,_°%°•'o'°Jo %°o?o°o_o*o°•°o_o'o°o°°'oQ°_o°o°o o• °•.o

Figure 9(b) Coalesced surface after CVD
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HETEROEPITAXIAL GROWTH

For the growth of spontaneously coalesced diamond (SCD) on Pt(111), we have used almost just (zero off

axis) substrates, but investigated the off-axis substrate effects on the coalescence in the following: It is seen that

while there are randomly-oriented diamond grains in Fig. 10(a), the surface became progressively flat as the film
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Figure 10. Film surface morphology for different film thickness on 2 ° off-axis Pt(lll)

thickness was increased. There are however two major issues to be solved: the first is to increase the coalesced area

over the 10 mm substrate. We have achieved a uniform network of partial coalescence over the entire substrate, but

there still remain triangular pits and uncoalesced regions locally. The second is the existence of anti-phase

boundaries. In fact, the off-axis experiments were intended to investigate the possibility of removing the anti-phase

boundaries, and there was indication that diamond (111) faces are oriented in one direction as the film thickness is
further increased.

Subtle changes of the process parameters resulted in better coalescence of the diamond films. Figure 11 shows

the surface morphology after 100 h growth. Unlike the results of Fig. 10, there was no pits and the surface was

covered with bunched steps. 25 30 % of the substrate surface was covered by the morphology. On the other hand,
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Figure 11. Surface after 100 h growth
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Figure 12. Surface grown hy adding B_H6
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WefoundthatanadditionofB2H6inthesourcegasacceleratesthecoalescencebetweendiamond(111)faces,as
seenin Fig.12.Judgingfromtheresultsdescribedsofar,it is consideredthatfurtheroptimizationfordiamond
growthwillmakeafullycoalesceddiamondfilmwithoutgrainboundaries.

CONCLUSIONS

It seemsthatfordiamondapplications,(i)developmentofproductionscalereactorswithpreciseprocess
controland(ii)largesinglecrystalsynthesisbyhomo-andheteroepitaxyaremostimportantatthepresentstage
alongwithfeasibilitystudiesofdeviceandotherapplications.It is ourexpectationthattheR&Dactivities
ongoingintheEFGroupoftheFCTProjectwillgiveusefulcontributionfordiamondapplications.
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ABSTRACT

Kobe Steel, Ltd. (KSL) started R&D of diamond films in 1985, aiming at electronic applications. Its R&D

history is approximately divided into flaree stages: the first stage was from 1985 up to 1995, when basic technologies

for CVD and microfabrication were developed. The second stage was after 1995 up to now, when the developed

technologies are employed to make individual test devices such as gas sensors, ultraviolet (UV) sensors, and field

effect transistors (FETs) for feasibility studies. The third stage began in 1998 with the Frontier Carbon Technology

(FCT) Project of Japan Fine Ceramics Center (JFCC) and runs in parallel to the second stage. In this stage, both

heteroepitaxial growth and large area deposition of diamond films are the main interests of KSL that has been

scientifically studying the morphology and growth of diamond films since 1985.

Keywords: electronic devices, transistor, UV emission, UV sensor, heteroepitaxial growth

INTRODUCTION

In this paper, we will present the current R&D status of diamond film technologies and applications in KSL. In

particular, the latest results on three topics, gas sensors, UV sensors, and field effect transistors (FETs), will be

described in detail. Current diamond film activities in KSL are open on Internet, and thus the present paper will be

described along the contents of the homepage:

(htto://www.kobdco.co.jl'/showr_,_cm/:q'O802e/'nl'O8025e.hlm-#Ir_dex).

HIGHLY ORIENTED DIAMOND FILMS

The first topic, shown in Fig. 1, is the highly oriented diamond (HOD) film (ref. 1), where (100) faces of

diamond are aligned in the film. The surface of a 30 pm thick film consisted of 10-20 pm square crystal grains.

FWHM values of {004} and {022} diffraction peaks of the 30 pm thick film were approximately 8 and 12 degrees

(ref. 2), respectively, as determined by the polar X-ray diffraction. Consequently, the grain boundary density in

HOD was significantly smaller than that of regular polycrystalline films, and the electrical properties of HOD,

represented by hole mobility, was high. The average surface roughness (ea) of the films was in the range of 100 -

200 nm. It also is an advantage that the film surface is more flat than regular polycrystalline films, which facilitates

electrode formation and other microfabrication on HOD. More precise control of the alignment, further coalescence

of adjacent (100) faces still need to be studied.

SPONTANEOUSLY COALESCED DIAMOND FILMS ON Pt(111)

Spontaneously coalesced diamond films can be grown by microwave plasma chemical vapor deposition on

(111) domains of Pt foils (ref. 3), bulk single-crystal Pt(lll), and single-crystal Pt (111) films deposited on

strontium titanate (111), as seen in Fig. 2. Such films are referred to as "spontaneously coalesced diamond (SCD)

films. In all cases, Pt surfaces have been ultrasonically roughened to enhance diamond nucleation prior to CVD.

Nevertheless, (111) faces of diamond are azimuthally aligned, and a significant coalescence is developed between

adjacent (111) faces. A TEM study by Osaka University revealed that diamond crystals were in an epitaxial

relationship with the basal Pt lattice, and the diamond surface contains screw dislocations of only 10 s/cm 2.

For industrial applications of SCD films, we developed a new substrate where a platinum (111) films of 4 pm

thickness were sputter-deposited on sapphire (0001). Furthermore, a substrate structure ofPt(111)/Ir(111)/Pt(111)
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/sapphire(0001) was newly designed (ref. 4). It was then found that the FWHM of X-ray diffraction rocking curve of

diamond (111) was reduced to 1.1 °. In this case, the coalescence of diamond (111) faces was extensive even when

the fill thickness was only a couple of microns. Furthermore, a fill delamination from the substrate was avoided.

CATHODOLUMINESCENCE AND UV-LED

Since SCD films on Pt(111) have (111) diamond faces, it is possible to heavily dope (3x102° cm -3) diamond

films with B. Figure 3 shows two cathodoluminescence (CL) spectrum of a film deposited only to 1.8 gm thickness

(a) and that to 16 gm (b)(ref. 5). Both measured at room temperature. It is of interest that sample (a) has a band edge

emission at 248 nm (5.0 eV) as well as band A at 400 - 600 nm. By contrast, in sample (b), only a 248 nm band is

seen, while band A is absent. These results are in contrast to previous data that the band edge emission was virtually

extinct at room temperature. By contrast, the temperature effect on the present 248 nm band intensity was found to

be very weak, and hence it is likely that the SCD film can be used for UV-LED. Indeed, we found the 248 nm

emission from Metal-intrinsic diamond-Semiconducting diamond (MiS) diode structures, though the intensity was

still too small for practical applications. At the present stage, it is necessary to know the electron transition processes

for the 248 nm emission occur at room temperature.

FIELD EMISSION FROM DIAMOND FILMS

In KSL, field emission from diamond films has been studied over years under the guidance of Prof. J.

Ishikawa, Kyoto University (ref. 6). The results are published in ref. 6. Shown in Fig. 4 is an array of diamond tips

made by the mould method. The field emission measurements of this and other specimens as well as the S-K

analyses have been undertaken by Prof. Ishikawa.

GAS SENSORS

Conventionally, electrolyte-type systems are used at manufacturing sites for sensing semiconductor doping

gases such as PH3 and ASH3. It is however expected that both the size and the maintenance cost would be greatly

reduced, if they could be replaced with solid-state sensors. In association with New Cosmos Electric Co., Ltd., KSL

was able to fabricate polycrystalline diamond film gas sensors that have very high sensitivities (the change in

electrical resistance was more than 20 %, and >100 % in certain cases). The selectivity against alcohol and hydrogen

was reasonably high. This is in contrast to a previous work where the sensitivity is only a few %. The reason for the

high sensitivity in our case is presumably due to the proprietary pretreatments to activate the fill surface.

NASA/CP--2001-210948 26 August6,2001



Au-paste \

Pt electmde_ _---"-- Pt wire

. u 222m07

1 1 i i i i i ...._. Pt heater

Figure 5. Schematic structure of gas sensor

Figure 6 shows the response (change in the sensor resistance) upon
introduction of 0.1 - 0.5 ppm PH4. It is seen that the resistance
increased quickly by the introduction of 0.1 ppm PH4, and is almost
proportional to the PH4 concentration. After the gas shut-off, the
decay time was about 10 min. The mechanism for the sensitivity is
still unknown, and a further study will be needed to achieve the best
sensitivity, and selectivity. (ref. 7)
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Figure 6. Response of gas sensor

CHEMICAL ELECTRODE

Either B-doped semiconducting or heavily B-doped "metallic" diamond films are recently found to have a

number of characteristics that have not been seen in metallic or graphitic electrodes. Diamond film electrodes are
featured by a wide potential window in aqueous and non-aqueous solutions, a low backN:ound current, and

robustness against acidic and alkaline solutions. Numerous studies have been done in this field, and the reader can

refer to ref. 8.

Shown In Fig. 7 is a result of a collaborativ e work with Prof. G. Swain, Michigan State University, where Pt

particles of 10 - 500 nm are fixed on a B-doped diamond film. It was then found that Pt particles are stable at least

up to 2000 cycles in 0.1 M HC104 (ref. 9).

::::::::::::::::::::::::::::::::::::::::::::::::::::::::............................ Heavily B-doped diamond film has a low resistivity and exhibits very high

::::::::::::::::::::::::::::::::::::::::::::::::::::::: performance as a chemical electrode. It is (1) dimensionally stable because

:::::::::::::::::::::::::::::::::::::::::::::::::::::::: diamond is resistant to chemical agents, (2) high overpotential, and (3) low

::::::::::::::::::::::::::::::::::::::::::::::::::::::::noise. These features are most suitable for bio- and chemical sensor

i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:applications. We foresee that diamond sensors will be widely used for
::::::::::::::::::::::::::::::::::::::::::::::::::::::::biosensors for medical inspections and treatments.

i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i: _,,z_[

............................. _ ,,,_" f'_'x \ !, ::';:-:':'::"::':'::'::':_ ,:.-':..,:.:,:.:,:;:
.............................. , .1 '_::::::::::::::::::::::::::::::::::::::::::_,,,,,,. ,,.:,,.

•'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'. "=-",'u;'r,_'".,__..__,__,,4--.-= .... ",e,,_...,_-
:::::::::::::::::::::::::::::::::::::::::::::::::::::::: : l'_ "7..X; ,,
:::::::::::::::::::::::::::::::::::::::::::::::::::::::: :L_ '_,!_'_,_" _ ---: ,-? _ "'-------:w-_,_
::::::::::::::::::::::::::::::::::::::::::::::::::::::: ;_ :>-',S_': : : : , B-doped
::::::::::::::::::::::::::::::::::::::::::::::::::::::: " , : , , : : l diamond

i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i: "_ '_' "_'" '_"_' _'" _'!_"
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii _.;_,_.:,.,;_,,,_,,,:i,,:..,,,_,.,.._r_,

::::::::::::::::::::::::::::::::::::::::::::::::::::::: Figure 7. CV characteristics of Pt particle seeded B-doped diamond film
,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.%,,

UV SENSORS

Diamond film is known to be a most appropriate material for UV detection with solar-blind characteristics. In
association with Prof. A. Gicquel, LIMHP-CNRS and her colleagues, we fabricated UV sensors that have a pair of
interdigited electrodes on highly oriented, undoped diamond films. Its temporal photoresponse was measured by
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illuminating the UV sensor with an ArF excimer

laser (X = 193 nm, pulse width = 5 ns) or dye

laser (X = 313 nm, pulse width = 7 ns).

.;.;_.7<.7...7,7.:.707.:.:.:.7.7.;q.7.:,7.;,:o;,:.'
Interd glted Pt or AIelectrodes ,,.._" _,'_4_. _

::::_>.._:...................,....,...

 iiiil

_iiii] ::::__:,x,x_..'.x:_,s

(al Cross-section (b) Interdigited electrodes

Figure 8. Schematic structure of UV sensor
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Figure 9(a). Photoresponse against 193 nm (6.42 eV) laser pulse
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Figure 9(b). Photoresponse against 313 nm (3.96 eV) laser pulse

Figures 9(a) and (b) show the photoresponses of a diamond UV sensor against 193 and 313 nm lasers,

respectively, where the gap between the interdigited electrodes was 10 gm. In both cases, the laser power was 25 gJ.

In Fig. 9(a), the dotted curve is the measured data for 193 nm laser, while a thick curve near the time axis is the

measured data for the 313 nm laser. The same data is replotted in Fig. 9(b). Hence, it is obvious that the signal

intensity ratio for 193 nm/313 nm is approximately 100, indicating that the diamond film UV sensor is solar blind.
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DIODEANDTRANSISTORS

A diode consisting of a metal electrode, undoped (intrinsic) diamond, semiconducting diamond, and silicon or

back contact is named MiS diode, and has been a subject of extensive study previously. The same structure has been

recently used to make a UV LED. The reader can refer to ref. 11 on this matter.

In the present section, a new type of field effect transistors (FETs), called p +-i-p + FETs, are presented (ref. 12).

They were fabricated using electron beam lithography combined with B-ion implantation to make gate and source-

drain structures, respectively, as shown in Figs. 10(a) and 10(b). The gate length is only 0.4 gm.

The uniqueness of the present FET lies in the fact that holes go through undoped (i) diamond layer under the

gate by the space charge limited current (SCLC) mechanism. By using this device structure and the conduction

mechanism, basic problems associated with a standard MES-type FET have been solved. We thus believe that the

present FETs with the SCLC mechanism will be one of the standard structures of diamond FETs.

Channel length = 0.4/__rn
j Gate electrode

_ Gate insulatorS & D electrodes

_ i.Diamondp÷-Diamond

Diamond substrate

Figure 10(a). Device structure Figure 10(b). SEM photograph of the FET

The I-V characteristics of a fabricated FET are shown in Figs 1l(a) and (b). It is clearly seen that the device

exhibits FET characteristics and the transconductance gm was 0.3 mS/mm. Due to the still high resistance of the

source and drain electrodes, however, the rise in the drain current Id vx drain voltage Vd was not sharp. Figure 1 l(b)

is a log-log plot for the same I-V characteristics of Fig. 1 l(a). It is obviously seen that the log I-log V slope is about

unity for drain voltage Vd < 1 V, while in the device operation voltage of Vd > 1 V, the slope is approximately two.

This is clear indication and the first FET demonstration that holes travel across the i-diamond layer by the SCLC

mechanism.
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CONCLUSION

In the present paper, we described various applications of diamond fills under development in KSL. It is very

encouraging that the number of applications for diamond films has increased significantly, and thus it would be fair

to expect that real products will steadily appear on the market in the coming years. In order for this actually happen,

it seems that there are two most important technologies to be established: heteroepitaxial growth of diamond on at

least one to two inch wafers, and production scale CVD reactors with precise controllability and energetic

efficiency. We hope that R&D will put more emphasis along this line.
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ABSTRACT

Sumitomo Electric Industries (SEI) has developed several kinds of diamond products by using CVD methods.

The R&D mainly have been performed in Itami R&D Laboratories since 1981. SEI's CVD diamond products

includes speaker diaphragms, tape-automated bonding tools (TAB), 3-inches mirror-polished diamond coated

wafers and surface acoustic wave (SAW) devices are released from 1985. And the results of research consists the

investigation of the atomic structure on epitaxial-grown diamond, the well-controlled single domain epitaxial

growth, CVD-grown high quality free-standing diamond with 8mm diameter, the forming of sharp diamond emitter

tips with 200nm diameter at the tops, and the diamond coated and polished bearings. The latter there themes were

started as sub-themes of Frontier Carbon Projects since 1998.

The status ofSEI's R&D are as follows,

(1) The 4-inches-diameter diamond-coated wafer is developed for next generation diamond SAW devices. The

diamond layer of the wafer is about 10 microns in thickness. Their surface are mirror-polished and the roughness

is under 5nm in average.

(2) The Lithium Niobate (LN) piezoelectric film are developed for high performance and wide-band diamond SAW

devices. The LN film which highly oriented to c-axis is deposited by KrF excimer laser ablation method. The

structure of laminated LN/diamond are expected to obtain higher electro-mechanical coupling coefficients than

ZnO/diamond structure as well as high acoustic velocity.

(3) The plasma assisted CVD reactor optimized for the homoepitaxial growth of single crystalline diamond is

designed and constructed. The uniformity of plasma parameter and homoepitaxial growth conditions are enough

to grow large size single crystalline diamond as 20mm diameter. The large free-standing single crystalline

diamond with 8mm diameter is already obtained.

(4) A diamond coated bearing is manufactured, and its inner-diameter is 10mm and length is also 10mm. About 10

microns CVD diamond are coated on Si3N4 substrate and polished under roughness of 1 micron.

Some of these works were supported by FCT Project, which was consigned to JFCC by NEDO.

Keywords: homoepitaxial growth, single crystal, piezoelectric, surface acoustic wave, bearing
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Abstract

Diamond is the miracle substance that excels all other materials in many extreme properties. Currently industrial
diamonds are limited by size and geometry, so they are serving primarily in mechanical industry as superabrasives (e.g.,

for grinding wheels). But with the availability of large sized diamond films and complicated DLC coatings many
functional applications of diamond are either commercially available or to be debut. Thus, diamonds are the key
component for tribological surfaces (e.g., bearing linings), electro-optical devices (e.g., field emitters), semiconductors
(e.g., electrodes), thermal management (e.g., heat spreaders), optical gates (e.g., X-ray windows), acoustic vibrators
(e.g., SAW filters), dialectical medium (e.g., capacitor interlayer), medical implants (e.g., hip joims), nuclear detectors
(panicle sensors), military weaponries (e.g., missile radomes), chemical barrier (e.g., acid container) and consumer
products (e.g., razor blades), to name just a few. When many of these exotic diamond applications become routine,
human's materials civilization will reach the climax---diamond age. As there is no other material that can be more
versatile than diamond, diamond will eventually become forever.

Key Words: Diamond, Diamond Applications, Diamond Age
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ABSTRACT

We have investigated key factors for the applications of singlewalled carbon nanotubes (SWNTs) to various

energy storage systems, such as hydrogen storage, Li-ion secondary, and supercapacitor. In electrochemical hydrogen

storage, the maximum discharging storage capacity of 450 mAh/g (1.63 H-wt%) was obtained at a cutoff voltage of

0.8 V by controlling the amount of transition metals during synthesis and post-armealing process. For Li-ion battery

using SWNT electrodes, SWNT electrodes showed about 560 mAh/g (Lil.56C6) of the maximum reversible specific

capacity, significantly higher than the ideal value of LiC6 (372 mAh/g) for graphite. In case of supercapacitor using

SWNT electrodes, the SWNT electrodes annealed at 1000 °C for 30 min have a maximum specific capacitance of

180 F/g. Singlewalled carbon nanotube (SWNT) and Polypyrrole (Ppy) hybrid electrode was fabricated to more

improve the specific capacitance of the supercapacitor. We obtained a maximum specific capacitance of 265 F/g from

the SWNT-Ppy hybrid electrode containing 15 wt% of conducting agent.

Keywords: Carbon nanotube, hydrogen storage, supercapacitor, Li-ion battery,

INTRODUCTION

Recently, there have been considerable attempts to use carbon nanotubes (CNTs) for active materials of energy

storage systems, such as hydrogen storage by hydrostatic pressure and electrochemical approaches (ref. 1 to 2), Li-

ion secondary battery (ref. 3 to 5, 11), and supercapacitors (ref. 6 to 8). The CNTs are attractive materials for energy

storage systems due to their superb characteristics of chemical and mechanical stability, low mass density, low

resistivity, and large surface area. Our research laboratory has been pursuing application of CNTs to energy storage

system, such as hydrogen storage by hydrostatic pressure and electrochemical approach, Li-ion secondary battery,

and supercapacitors. Here, we will introduce our effort to develop application of CNTs to energy storage system.

Hydrogen has cognized as an excellent energy source, because hydrogen is very abundant element on the earth

surface and the use of hydrogen as a fuel and energy carrier produces neither air pollution and nor green house gas

emission. More recently, the CNTs have been reported to be very promising candidates for hydrogen uptake. The

CNTs take advantage of the gas-on-solids adsorption of hydrogen as well as electrochemical approaches. We will

demonstrate experimentally that the storage capacity is strongly dependent on the sample-preparation conditions in

electrochemical approaches.

A lithium ion cell is the outstanding battery system because of good performances such as high operating

voltage, high energy density, long cycle life, no memory effect, and environmental compatibility. It has been well

known that the performance of Li-ion battery strongly depend on active materials used for cathode. Therefore, much

more effort has been paid to the development of active materials for cathode with high performance. Since discovery

of CNTs as a novel form of carbon, the progress in synthesis of CNT has ignited significant worldwide investigation

on new application of CNTs for cathode material of Li-ion battery. CNTs have been suggested as candidate anode

materials with high energy density for Li-ion battery. We will report the relation of the specific capacity of Li-ion

battery using singlewalled carbon nanotube (SWNT) electrode and the mechanism of lithium intercalation taking
into account the structure and the micro texture of SWNTs.

Supercapacitors (also called electrochemical capacitors, electric double layer capacitor, and ultJcacapacitors) have

many advantages compared to the secondary battery, for instance, long cycle life (> 100,000 cycles), simple

principle and mode of construction, short charging time, safety, and high power density. Among them, the power

density of supercapacitors is the most remarkable property. The power density of supercapacitors is larger than that

of the secondary battery by about ten times, although the energy density of supercapacitors is smaller than that of the

secondary battery, which is a drawback to be applied for practical devices. Now the supercapacitor's capability with

high power density extends its application to various other novel devices of load leveling and pulse power devices,
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andelectricvehicles.Inorderto applythesupercapacitorsto variouspracticaldevicesevento electricvehicles,
developmentofsupercapacitorswithhighpowerdensityandhighenergydensityisnecessary.Wewill demonstrate
thekeyfactorsdeterminingtlaeperformanceofsupercapacitorswithhighenergydensityandpowerdensityusing
SWNTelectrodeandSWNT-polymercompositeelectrode.

ELECTROCHEMICAL HYDROGEN STORAGE IN SWNTs

We have investigated key factors for electrochemical hydrogen storage in SWNTs to determine storage

capability by controlling the amount of transition metals during synthesis and post-armealing process. The influence

of morphology and crystallinity of SWNTs on the storage capacity is also studied. We limit the weight percent of

the transition metals to 5 wt% (lower limit) and 20 wt% (upper limit) during the synthesis of SWNTs by DC arc-

discharge in order to investigate the effect of transition metals on the hydrogen storage capacity. Although the yield

might be lowered with large amount of transition metals, uniform distribution of the transition metals in the sample

may enhance the conductivity of the electrode and eventually increase tlae storage capacity.

The SWNT electrodes are tested electrochemically under static current of 50-100 mA/g and the lower cutoff

voltage of 0.4 V for a reference test with above three samples (Fig. 1). It shows tlaat the pellet with large amount of

transition metals, sample (c), can reserve most hydrogen up to around 140 mAh/g at cut-off voltage of 0.4 V, as

shown in Fig. 1(c), where the mass introduced here implies the total weight of electrodes from SWNTs, amorphous

carbons, and transition metals. Theoretical estimation on SWNTs shows that the metallic SWNTs become

insulator with hydrogen adsorption (ref. 9 to 10). This suggests that the additional conducting materials compensate

the electron transport in the electrode and eventually increase the storage capacity. The maximum capacity down at

zero voltage reaches 450 mAh/g. Optimization of the maximum storage capacity with the amount of transition

metals is further necessary in the future.

1.g
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20 40 0 80 100 120 140

Specific capacity (mAh/g)

Fig. 1. The charge-discharge tests of the as-prepared sample of (a) SWCNTs (web) with 5 wt% transition

metals, (b) SWCNTs (cathode) with 5 wt% transition metals, and (c) SWCNTs (cathode) with 20 wt%
transition metals

In order to remove the poly (vinyl alcohol) (PVA) used as a binder from the electrode, we heated the sample by

two steps. We first preheated the sample in air at 300 °C for five hours. This oxidizes the PVA. The degree of

oxidation is also important, as shown in Fig. 2(a). The plateau region in the voltage extends with increasing

annealing hours. Thus a complete oxidation is important in order to remove the PVA more effectively in the second

step annealing. This preheat treatment further prevents tlae sample from being cracked by the second step annealing.

In the second-step annealing, most of PVAs are burned and some are transformed into carbon particles. This high

temperature annealing also improves the crystallinity of the pristine SWNTs. We annealed the sample at different

temperature in Ar atmosphere for 5 hours. The elevation of annealing temperature in Ar extends the plateau region,

as shown in Fig. 2(b). At temperature greater than 900 °C in Ar atmosphere, tlae electrode is cracked, resulting in

the decrease of the storage capacity of hydrogen and tlae plateau region. We emphasize that the preheat treatment is

an essential step in order to remove the PVA binder.
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Fig. 2. The specific charge-discharge curves in terms of (a) the annealing time in air with the sample
containing 20 wt% transition metals and (b) the annealing temperature in Ar with the sample containing

5 wt%.

LI-ION BATTERY USING SWNT ELECTRODES

We have surveyed the relation of the specific capacity of Li-ion battery using SWNT electrode and the
mechanism of lithium intercalation taking into account the structure of SWNTs. Two types of SWNT electrodes are
prepared in order to investigate Li-intercalation site in SWNTs. The one is fabricated with no treatment of as-grown
SWNT powder, the other is prepared with the SWNT powder ball-milled for two hours to solve and brake the
bundles of as-grown SWNTs.
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Fig. 3. The specific capacity and charge-discharge efficiency as function of cycle numbers;
(a) as-grown SWNT electrode with no treatment, (b) SWNT electrode with ball milling for two hours,

Qc: specific capacity of charge, Qd: specific capacity of discharge, Ah Eft.: charge-discharge
efficiency.

Figure 3 shows specific capacity, discharge efficiency, and recyclability of SWNT electrodes. The no treat_nent
of as-grown SWNT electrode has 1327 mAh/g of very large charging specific capacity at fist cycle. However the
specific capacity of discharge at fist cycle is 560 mAh/g, indicating 767 mAh/g of large irreversible specific capacity.
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It is suggested that the undesirably large irreversible specific capacity may be due to Li intercalating into the inner

core of SWNT, indicating tlae intercalated Li in the inner core of SWNT have difficult in coming out from the inner

core of SWNT. Gao et al. have reported that the irreversible specific capacity is attribute to the large surface area of
SWNT electrode, estimated to be -250 m2/g by a N2 BET measurement (ref. 11). After fist cycle, it is found that

the reversible specific capacity for no treatment of as-grown SWNT electrode is uniformly maintained, as shown in

Fig 3(a). We emphasize that the discharge efficiency and recyclability axe also very excellent, which is very

important to apply practical device. The discharge efficiency and recyclability of the ball-milled SWNT electrode

also shows very excellent behaviors. However, the ball-milled SWNT electrode shows smaller both of 1019 mAh/g

for charging specific capacity and 385 mAh/g for discharging specific capacity at fist cycle than the no treatment of

as-grown SWNT electrode, implying the Li-reversible intercalation sites are decreased by ball milling for two hours.

The large drop of reversible specific capacity of SWNT electrode by ball milling may indicate that Li intercalate tlae

interstitial bundles of SWNTs, which attribute to reversible specific capacity. Therefore, after solving, and braking

bundles of SWNTs by ball milling, reversible specific capacity of ball-milled SWNT electrode is decreases, due to
the reduction of Li-reversible intercalation sites.

SUPERCAPACITORS USING SWNT ELECTRODES

We have investigated tlae key factors determining the performance of supercapacitors using SWNT electrodes. In

addition, SWNT and Polypyrrole (Ppy) hybrid electrodes are fabricated to improve the specific capacitance of tlae

supercapacitor. The combination of two types, the electric double-layer and the redox system, have been developed

for enhancing tlae performance of supercapacitors.

Figure 4 shows the specific capacitances of the heat-txeated as-grown SWNT electrodes at various temperatures

as a function of the charging time. Capacitances increase abruptly and reach about 80 % of tlae maximum capacitance

during the initial 10 min, regardless of the heat-treatment temperatures. The capacitances increase gradually fuNaer

and saturate to tlae maximum values at long charging time. Persistent increase of the capacitance over a long time is

generally observed from the porous electrodes and is attributed to tlae existence of various forms of pore and pore

diameters in the electrode. The saturated capacitance increases with increasing heat-txeatment temperatures mad

saturates to 180 F/g at 1000 ° .... We note that the capacitance is directly proportional to the specific surface area

with increasing temperatures. The average pore diameter approaches to 30 A at 1000 °... and moreover the

populations of such small diameters are highly weighted at 1000 °....

_-" 180.

120'

e_ 100.

_ 600°C

--.-- 800°C
_- 9oo_

10001C

;o _oo _;o 200 2;0 300 3;0
Charging time (rain.)

400

Fig. 4. The specific capacitances of the heat-treated electrodes at various temperatures as a function of the
charging time at a charging voltage of 0.9 V.
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Fig. 5. The FE-SEM images of as-grown SWNT, pure Ppy, and SWNT-Ppy powder.

Figure 5 shows the field-emission scanning-electxon-microscope (FE-SEM, Hitachi $4700) images of as-grown
SWNTs, pure Ppy and SWNT-Ppy powder formed by in-situ chemical polymerization. The as-grown SWNTs are
randomly entangled and cross-linked, and some carbon particles are also observed. The purity of as-grown SWNTs
was roughly estimated to be about 25-30 %. From Figure 5(b), one can see that the pure Ppy synthesized without
SWNT shows a typical granular morphology. The granule size of pure Ppy is about 2-3 gm. Figure 5(c) reveals flae
individual nanotube bundles to be uniformly coated with Ppy, indicating that in-situ chemical polymerization of
pyrrole is effectively achieved.
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Fig. 6. The specific capacitances of the as-grown SWNTs, pure Ppy, and SWNT-Ppy hybrid electrodes as a
function of discharge current density at a charging voltage of 0.9 V for 10 min.
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Fig. 7. The effects of conducting agent on the specific capacitance of the SWNT-Ppy hybrid electrode
as a function of discharging current density at a charging voltage of 0.9 V for 10 min.
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Figure 6 shows the specific capacitances of the as-grown SWNTs, pure Ppy, and SWNT-Ppy hybrid electrodes

as a function of discharge current density, where the data were taken from the samples charged at 0.9 V for 10 min.

In comparison to the pure Ppy and as-grown SWNT electrodes, the SWNT-Ppy hybrid electrodes shows very high

specific capacitance by 5 - 10 times, although the specific capacitance of SWNT-Ppy hybrid electrode decreased

gradually with increasing discharge current density. This very large specific capacitance seems to be caused by

uniformly coated Ppy on tlae SWNTs, signifying that active sites on Ppy chains are increased. We emphasize tlaat

the capacitance by EDL is also enhanced by tlae enlarged surface area of Ppy.

The effects of conducting agent on the specific capacitance of the SWNT-Ppy hybrid electrode axe shown in

Fig. 7. The maximum specific capacitance appears at 15 wt% of conducting agent in electrode, where the data were

taken from tlae samples charged at 0.9 V for 10 min. The effect of tlae conducting agent is clearly seen particularly at

high discharging current density. The specific capacitance significantly increases with increasing the amount of tlae

conducting agent up to 15 wt% and drops at 20 wt%. We obtain a maximum specific capacitance of 265 F/g from

the SWNT-Ppy hybrid electrode containing 15wt% of the conducting agent. The conducting agent itself does not

directly contribute to the specific capacitance but by reducing the IR drop. However, an excessive addition of tlae

conducting agent diminishes the effective portion of the active electrode material, resulting in the reduction of tlae

specific capacitance.

SUMMARY

We have intxoduced the applications of singlewalled carbon nanotubes (SWNTs) to various energy storage

systems, such as hydrogen storage, Li-ion secondary, and supercapacitor. In electrochemical hydrogen storage, we

have obtained the maximum discharging storage capacity of 450 mAh/g (1.63 H-wt%) by controlling the amount of

transition metals during synthesis and post-armealing process. For Li-ion battery using SWNT electrodes, we

emphasize that the discharge efficiency and recyclability are very excellent, which is very important to apply practical

device. It is suggested that Li-reversible intercalation sites axe the interstitial bundles of SWNTs. The SWNT

electrode shows about 560 mAh/g (Lil.56C6) of the maximum reversible specific capacity, significantly higher tlaan

the ideal value of 372 mAh/g (LiC6) for graphite. In case of supercapacitor using SWNT electrodes, the SWNT

electrodes annealed at 1000 °C for 30 min have a maximum specific capacitance of 180 F/g. Singlewalled carbon

nanotube (SWNT) and Polypyrrole (Ppy) hybrid electrode was fabricated to more improve the specific capacitance of

the supercapacitor. We obtained a maximum specific capacitance of 265 F/g from the SWNT-Ppy hybrid electrode

containing 15 wt% of conducting agent.
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ABSTRACT

Invited Talk

CVD Diamond: The Industrial Landscape

R S Sussmann, King's College London, The Strand, London WC2R 2LS, UK

It is now generally accepted that CVD diamond has fundamentally changed the way

diamond can be used in industry and research. This new synthesis technique has opened

applications in a wide range of fields including optics, electronics, microwave

transmission, cutting tools, wear parts and others. Depending on synthesis conditions,

CVD diamond can be made as a polycrystalline ceramic or as homoepitaxial single
crystals. Synthesis conditions also determine the type of CVD diamond produced and it

has been demonstrated that CVD diamond &many different grades can be manufactured

ranging from dark material which can be used for mechanical or thermal applications to

extremely pure material with excellent optical transmission or electronic properties. This

paper will review the present range of applications pursued by different manufacturers

and will attempt to survey the status of supply of raw material and products. This is

important information required for potential end-users of CVD diamond.
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After a gestation period of over a decade, the technology for producing diamond coatings

and thin films at low temperatures and pressures and at relatively low cost has emerged

as a viable technology. This has allowed the number of potential applications to increase.

These range from coatings on shaving blades, cutting tools, .wear resistant components,

surgical knives, IR windows and optical devices, sunglasses and ophthalmic lenses,
prosthetic devices, microelectronic substrates and devices, Sensors/SAWs/MEMS, data

storage, recording and print heads, flat panel displays/cold cathode, sports equipment and
protective coatings. Research and development continue to improve the current

technologies as well as create entirely new technologies with high deposition rates.
Researchers are also carrying out R&D at a fast pace to apply these coatings in several

new applications. The presentation discusses technological and industrial driving forces

that have made diamond, diamond-like carbon and CBN films and coatings a future

growth industry. Emerging technologies and applications, current and future market

opportunities, and global competition are discussed. U.S. and world markets and

projectedtill the year 2005.
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ABSTRACT

The paper briefly introduced the production condition of diamond in China. The features of

diamonds produced with different device and by different techniques were discussed in detail. The top

class of diamond by international standard was made with imported two-piston press. The diamond

made with Chinese six-piston press is good material for making saws like tools. In some applications it

is selected as an alterative for above diamond due to its higher quality and lower price. The fine

diamond manufactured with six-piston device made in China and powder catalysis is one of the best

diamonds for special application, for instance, making a band saw to cut single crystal silicon. The

main product of diamond (Annual output is about 800 million carats.) was produced with Chinese

six-piston device and its size ranges from 40/45 to 80/100, which is suitable for the manufacture of

cutting or grinding tools applied in processing less hard rocks. The diamond directly synthesized with

six-piston device and re-processing diamond are less important products in China, which can be used

as abrasives and its price is very low. CBN, PCD, PDC and CVD are also manufactured in some scale.

Annual output of diamond in China is great enough but its quality need improving.

Keywords: production, features, diamond made in China

INTRODUCTION

The synthetic diamond was first made in China in 1963. Since then the industry of synthetic

diamond and diamond tools developed rapidly. Now the production capability of diamond is about 1.5

billion carats a year and PCD, PDC and CBN also produced in a large scale.

The predominant equipments for producing diamond are hinged six-piston device. There are

about 4000 of 6X8MN, and about 1000 of 6X12MN and 6X16MN at present. The main features of the

equipments are as following:

Table 1. The features of the device mostly used in China

Types Chamber Production Production Production of Annual
space capacity greater than SMD greater production
cm 3 (carat) 60/70(carat) than 60/70(carat) (carat)

6X8 MN 9.5 8.5 6.0 2.0 200,000

6X12 MN 17.2 15.0 11.2 3.3 1000,000
6X16 MN 24.1 20.0 16.0 5.5 1200,000

Note: SMD is a label for higher quality diamond by Chinese national code.

Estimating parameters for diamond currently used in China are: mesh size-- the same as

American code; strength_ompressive strength for a single grain (kg/grain); and stacking density.

The average price of synthetic diamond is less than 0.2USD/carat. Production of CBN is about

50 million carats and average price less than 0.30USD/carat. The total value of production is less than

16 million US dollars.

NASA/CP--2001-210948 45 August 6, 2001



Thequalitiesof diamondsvarylargelydueto usingdifferentequipmentsanddifferent
techniquesforsynthesis.

THEFEATURESOFINDUSTRIALDIAMOND
1. Diamond made with two-piston press.

There are about 20 of two-piston device in China. Most of them are imported from west

countries and some of them ranging from 1800T to 5000T are made in China. With 5000T type

equipment made by West techniques, top class of diamond by international standard can be produced.

The diamond shows golden color, transparent crystal, smooth crystal face, and distinct crystal edges
°°°°..%....... o%,.//./.......°,°°%.oO°.°Oo°o°_%%..

(seen Fig. 1). There is very little of impurity inclusions, almost !!!iiiiiiiiiiiiii!iiiii!!iiiiii!iiiii!iiiiiii!!!!iiiiii!i!!i!!!!iiiii!i?i

no bubbles and cracks. The shapes of most diamonds are iiiii::_::_i_!_ii:_:i:_ii::i_::::i]iiii!!_iii_:i!!i::::iii::_:_:_:::ii::ii::i::iii_!ii!ii::
• .%./.°o..°.o......°%°. °.. °°....°°° • .///. ° ....°°°°o°.,°°.

hex-octahedrons with hexagonal crystal faces (111 faces) and i:i:i:i:i:7:!'!'!:i:!:i:!:i:i:i:i:i:i:i:i:!:i:i:i:i:i:i:i:i:i:i:i:ii_i!:!

quadrilateral crystal faces (100 faces). Crystal planes grew

uniformly in three dimensions. The impact strength (TI) of the

diamond for 35/40 mesh size is as high as 90. Thermal impact

strength (TTI) reaches 90. The compressive strength is higher

than 40kg/grain by Chinese standard.

While with the two-piston device made in China, the

quality of diamond is much worse than above diamond. The

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

Figure 1. The best diamond

made in China

main differences exhibit in high impurity, low TI and TTI values. For diamond of 45/50, TI is about 74

and TTI only 65. Annual production for this kind diamond is about 50 million carats and the size

ranges from 40/45 to 45/50.

2.Diamond made with six-piston device by powder catalysis technique

More than 90% of the diamond made in this way has perfect crystal shapes, and most of them

are hex-octahedrons with hexagonal crystal faces and quadrilateral

crystal faces. The shape of the diamond looks good but there is a

little diffusion of inclusions and bubbles. Its TI value reaches

74-81 and TTI is about 63-68. The annual output is about 80

million carats and the grain sizes are 45/50, 50/60 and 60/70. This

kind diamond mainly used for the manufacture of saw like tools. It

perhaps is a good alternative for the high cost products mentioned

in above paragraph in international market on large extent because

of its high quality and lower price (Its price is as low as about 35%

of the diamond above mentioned.)

i:i:i:i:i:i:i:i:i:!:_g_:_:!:i:i:i:i:i_:.".!:!._*i.:i:i:iR
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

::ii ::ili!iiiii:#:ii iii iiiiii!iii::;iiiii i i!i ! !!:: i!iiiii!iil

Figure 2. Diamond made

with six-piston device

3. Fine diamond made with six-piston device by powder catalysis synthesizing technique

The diamond made in this way is a yellow green transparent crystal. 95% of it shows perfect
.°-,-,-°-,-,-,-°-°-,-.-°-,-,-,-¢,-.-. -.-,-°-o-°-.-°:,:°-.-°-o:%_.:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

hex-octahedral, and most hexagonal crystal faces and quadrilateral :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

crystal faces are of excellent symmetry. The diamond has the little :iiiiii::i:iii!i:ililj:iii:ii!i!ii:ili:iii:iiiiiiii::i!i!,_ii:i:i:;i;
of impurity and magnetic performance, so that it is one of the best !".:.:-:.:..'.;.:.:.:.:..'.:.'.:.'.:.'.'-'.:.:.:_.4-:.;.:.:.:-:.:.:.

::.:..:.:.'.'.:.:.::::::::::::::::::::::::::::::::::::::::::::::
fine diamonds for special applications The diamond is suitable for

making tools for cutting or polishing precious crystals (for instance,

cutting single crystal silicon.). We have electroplated the band saw

with the diamond for cutting single crystal silicon, which set up a Figure 3.

long life record of continuously used for more than one month. The produced

grain size of the diamond ranges from 100/200 to 270/325. With method.

Fine diamond

by conventional
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limitationofapplications,theoutputofit confinesinasmallamountstill.
4. Diamond made with six-piston device by slices of catalysis

The diamond is a main product in China. Its shape is also

hex-octahedron but with poor symmetry and there is black

impurity inclusions bubbles and cracks in it in some extent. The

better one may have tiny radial line of impurity. TI of it is only 60;

TTI is about 45; and compressive strength is less than 16kg for

40/50. Its size ranges from 40/45 to 80/100, among them 50/60 and

60/70 are better. The diamond can be used to manufacture the tools

for cutting or grinding less hard marble. Annual output of it is

about 800 million carats and the price is relatively low.

5. Fine diamond directly synthesized with six-piston device

i:i:?" ::::::::::::::::::::::::::::::::::::::::::::::::
.o.o. °°°°:-;._.i.'....-......:.;.:.........'.:.;.;"."

g ii !i!!i:::i!iNNNiii !::iiii!
,.o ::.:.:.:.:.:.::l_.:::.:.:.::::. 1.1.:...;:

Figure 4. Main product of

diamond in China

The diamond is a yellow green crystal ranging from 100/120 to 325/400, most of them falling

into the scope from 170/200 to 200/230. 90% of the diamond is

nearly equal volume crystals, but most of crystals growth

uncompleted. The edges of crystals are not distinct; Crystal face is

not smooth and of less transparency; more defects inside and high

brittleness. The diamond of this kind is suitable for the

manufacture of diamond grinding tools, resinoid wheels and

metallic wheels. The price of the diamond is low and output is

about 20 million carats.

- -:;::

Figure 5. Directly synthesized

fine diamond.

6. Ro- rocossin .iamon. "" "iFine diamond of high purity can be obtained by breaking the i:i::.:.: ." :"

coarse grains ranging from 35/40 to 50/60, in which a lot of impurity _'_ """:° .e

inclusions exist, exposing the inclusions and then eliminating them _:_:_i_:!_:_:_:_:____!_'i!i_!:i:!:i_'_!_

by chemical method. The fine diamond is often employed as !!i:!::i!!!iii::ii!iiii_i::__'_.

diamond abrasives and the annual output is about 50 million carats.

7. CBN production Figure 6. Re-processing

CBN is produced commonly with six-piston device made in diamond.

China. CBN generally demonstrates black and amber color. The

CBN with good transparency, amber color and less impurity is made up

in China but the crystal shape much worse than diamond. CBN is

divided into two types: I and II. The shape and compressive strength

of type II is better. The annual output of CBN is about 50 million carats

and its size ranges from 50/60 to 325/400. The price of black CBN is

less than amber one.

8.

" ... "'i:jii:!:i:i:i!iii

Figure 7. CBN product.
PCD, PDC, CVD

There are a complete series of PCD, PDC, CVD in Chinese market currently.

FUTURE PROSPECTS

A great progress has been made for the industry of super-hard material not only in the output

but also in technology Some manufacturers has grasped of advanced technique to produce the diamond

of high quality The device of 6X16 MN and 6X20MN increase by 10% annually, and the type of

6X30 MN is designing. In the near future, the device less than 6X8 MN will be eliminated and focus on

promoting the device greater than 9000T. Advanced products and synthesizing techniques will develop
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firstinnexttwoorthreeyearsandremovethedominancefromoutputtoqualityandprice.
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ABSTRACT

Diamond has become interest for the high velocity materials because the elastic constant is highest and the

surface acoustic wave (SAW) velocity is more than 10,000 m/s. Although diamond has not a piezoelectricity, its high

acoustic propagation makes it a desirable substrate for SAW devices when coupled with piezoelectric thin films such

as aluminum nitride (A1N) and lithium niobate (LiNbO3). Highly oriented A1N thin films and LiNbO3 thin fills were

prepared by a reactive sputtering method on polycrystalline diamond substrates at low substrate temperature. The

average of surface roughness (Ra) of the A1N thin fills was below 2 nm by locating the diamond substrates at the

position of 100 mm from the aluminum target. The full width at half maximum of the rocking curve for AIN(002)

peak of X-ray diffraction was about 0.2 degree. SAW characteristics with an interdigital transducer

(IDT)/A1N/diamond structure were investigated. The average surface roughness of LiNbO3 thin films was 5 nm.

When the highly oriented LiNbO3 fills are deposited on diamond substrate, the IDT/LiNbOg/diamond layered

structure is capable of a wide-bandwidth application in SAW devices at high frequencies.

Keywords: Nitride, Oxide, SAW device, Preferential orientation, Surface roughness

INTRODUCTION

The development of high-frequency devices has become technologically important because of the increasing

volume of information and communication media, such as mobile telephone and satellite broadcasting. Many

component devices such as bandpass filters resonators must also conform to this high-frequency band. Dielectric

ceramics and surface acoustic wave (SAW) devices have conventionally been used for high-frequency devices (ref.

1). However, the dielectric filters and duplexers are too large for portable communication devices, SAW devices

have become popular with the advantage of small size and free filter characteristics.

Various approaches for developing high-frequency SAW devices have been attempted. The center frequency of

the SAW devices is determined by the equation Fo Vp/2_, where Fo, Vp and _ are the center frequency, the phase

velocity of the SAW materials and the wavelength, respectively (ref. 2). The wavelength of,_ depends on the size of

lines and spaces of the interdigital transducers (IDTs). New materials with a high phase velocity or a sub-half micron

rule process are required for the development of high-frequency devices. However, reduction of the IDT size raises

problems such as reliability, power durability and fabrication margins in the manufacturing process (ref. 3). Recently,

the use of diamond for high velocity materials has attracted interest, because the elastic constant is highest and the

SAW velocity is more than 10,000 m/s. Although diamond has no piezoelectricity, its high acoustic propagation

makes it a suitable substrate for SAW devices when coupled with piezoelectric thin films such as zinc oxide (ZnO)

(refs. 3 and 4).

Aluminum nitride (A1N) has a hexagonal wulzite structure and the lattice constants are a 3.112 A and c

4.982 A (ref. 5). A1N has been used as an electric insulator with heat radiation property. Since the phase velocity of

A1N is highest (6700 m/s) among those of piezoelectric materials such as ZnO (5700 m/s) that is easy to obtain the c-

axis orientation, the hig_frequency SAW devices can be expected from the layered structure of A1N thin films on

the diamond substrates (ref. 6). Additionally, the velocity dispersion can be expected small because the difference of
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phasevelocitybetweenA1NanddiamondissmallerthanthatofbetweenZnOanddiamond.A1Nthinfilmshave
attractedincreasinginterestforapplicationto SAWdevicesoperatingattheGHzbandinwirelesscommunication
technology(ref.7).It iswellknownthatsingle-crystalA1Nthin filmscanbeepitaxiallygrownona sapphire
substratebychemicalvapordepositionatthesubstratetemperatureofmorethan1273K (refs.8and9).Sincethe
smoothsurfaceofA1NthinfilmscannotbeobtainedbytheCVDmethodbecauseofgraingrowth,it is impossible
tofabricateamicropatternIDTonas-grownA1Nthinfilms(ref.8).

Lithiumniobate(LiNbO3)isaveryimportantferroelectricmaterialwithaCurietemperatureof 1483K and
hasarhombohedralstructurewithplanarsheetsofoxygenatomsinadistortedhexagonalclosepackedarrangement
(ref.10).Ithasuniquepyroelectric,piezoelectricandnonlinearopticalproperties,whichmakeitsidealmaterialsfor
fabricationofsurfaceacousticwave(SAW)andopticaldevices.ThesinglecrystalLiNbO3iswidelyusedinSAW
devicesanditsSAWphasevelocityisabove4000m/s.Particularly,theelectromechanicalcouplingcoefficients(k2)
ofthesinglecrystalLiNbO3is larger(5.5%)thanthatofquartz,A1NandLiTaO3(0.14,0.7and0.64%,
respectively)(ref.11).WhentheLiNbO3thinfilmsaredepositedonthediamondsubstrate,theLiNbO3/diamond
layeredstructureisapplicabletoawide-bandwidthapplicationinSAWdevicesathighfrequencyband.

Inthispaper,A1NandLiNbO3thinfilmsweredepositedondiamondsubstratesatlowsubstratetemperatureby
reactivemagnetronsputtering.Theinfluenceofthesputteringparametersonthesurfacemorphologyandtheacoustic
propagationwasinvestigated.

EXPERIMENTAL

A1N and LiNbO3 thin films with the thickness of 1 [tm were prepared by a DC and an RF magnetron sputtering

system, respectively. A water-cooled A1 target (99.999% purity) and LiNbO3 target (stoichiometric concentration)

with a diameter of 50.8 mm was used as a planer magnetron cathode. The discharge mode of the DC sputtering

system was power-constant mode and the experimental power was 300 W. The RF power supply (Advanced

Energy: RFX-500) was used with a power-regulated mode of 100 and 50 W. The substrates used in this experiment

were diamond-coated silicon (Sumitomo Electric Industries Co., Ltd.) substrates without pre-cleaning such as argon

ion etching. The thickness of the diamond films was about 12 [tm and the surface had been polished mechanically.

The substrates were heated at the substrate temperature of 623 K. The distance L between target and substrates was

50 and 100 mm. After the sputtering chamber was evacuated below 5×10 -7 Torr, sputtering gases were introduced

into the vacuum chamber with regulation by mass flow controllers. At the deposition of A1N thin films, total gas

pressure was controlled to 3×10 -3 Torr by operating a gate valve, and the flow rate of Ar and N2 gases (99.9995%

purity) was 2 and 8 sccm, respectively. At the deposition of LiNbO3 thin films, total gas pressure was controlled to

1×10 -3 Torr by operating a gate valve, and the flow rate of Ar and 02 gases (99.9995% and 99.99% purity,

respectively) was 8 and 2 sccm, respectively.

The crystalline quality and orientations of the films were determined by X-ray diffraction analysis (XRD: CuKa,

40 kV, 30 mA) in a 20-0scan mode and a 0 scan mode. The surface morphology was observed by atomic force

microscope (AFM).

RESULTS AND DISCUSSIONS

A1N thin films

Figure 1 shows typical AFM images for A1N thin films with the thickness of 1 [tm deposited on a diamond

substrate at the distance L of 100 mm. The uniform and smooth surface was obtained on the diamond substrate. The

crystal size and surface roughness Ra were 30 nm and less than 2 nm, respectively. There has been remarkable

progress of surface flatness; diamond substrates with a mechanically polished surface roughness below 3 nm are

commercially available. Since the density of nucleation for the A1N crystal was uniform on the flat substrate, the

A1N thin films grew smooth, too. The average surface roughness was sufficiently level to deposit an aluminum

electrode for the IDT onto the as-grown A1N thin films. The A1N thin films deposited on the diamond substrate

exhibited high adhesion by the peeling test.

Figure 2 shows an XRD pattern of the A1N thin films grown on the diamond substrate at the distance L of 100

nm and the substrate temperature of 623 K. The diffraction patterns show expected diamond(ll 1) plane from the

diamond substrate together with A1N(002) reflection in 20/0 scan mode. No other A1N reflection can be observed in

the measurement conditions. The XRD pattern shows that the A1N thin films are highly oriented along the c-axis
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normaltothesubstrate.Thefullwidthathalfmaximum(FWHM)oftherockingcurvefortheA1N(002)peakwas
about0.2°andthatfortheSi(400)peakfromthediamondsubstratewasabout0.1° incoscanmode.Theseresults
suggestthattheA1Nthinfilmsdepositedonthediamondsubstratewerehighlyorientedalongthec-axis normal to

the substrate. It is a first report that the c-axis oriented A1N films were deposited on polycrystalline diamond

substrates.

Shikata et aI. (ref. 6) calculated the phase velocity Vp and the coupling coefficient k 2 of the IDT/A1N/diamond

structure at various kh (k = 2rc/)_, )_ is SAW wavelength, h is thickness of A1N thin films). At the optimal value of

kh = 1.57, Vp and k 2 were 11,200 m/s and 0.7 % for the 1st mode wave (Sezawa wave), respectively. Standard IDTs

were fabricated on the surface of the A1N films and a frequency response for the GHz-band filter with the

IDT/A1N/diamond structure was measured on wafer by a network analyzer (ref. 11). The linewidth of the IDT was 1

gm (=)_/4, )_; SAW wavelength), and the number of IDT finger and the aperture length were 100 pairs and 400 gm,

respectively. The experimental Vp obtained from the center frequency and the SAW wavelength was 10,120 m/s

(2.48 GHz), which was almost in agreement with the theoretical Vp. The experimental results of Vp and F0 were

better than that of the A1N/sapphire structure (Vp = 6780 m/s, F0 = 1.211 GHz) (ref. 6). The diamond SAW

substrate was effective in the phase velocity of the A1N/diamond SAW filter.

LiNbO3 thin films

During the deposition process at the RF power of 100 W, many cracks were caused often in the LiNbO3 target

(thickness of 4 mm). It seems that the cracking of the target was caused by a thermal shock from the RF plasma. It

is necessary to lower RF power to prevent the target from the cracking. When the RF power was decreased to 50 W,

the LiNbO3 target was not cracked during the deposition.

The deposition rate increased by locating the substrates close to the target from 100 mm to 50 mm, and the

color of the deposited films changed colorless and transparent. It was found that the low RF power and the distance

L were also effective to prepare the colorless LiNbO3 thin films though the deposition rate slightly decreased in

comparison with that of the deposition at 100 W. A typical AFM image for the LiNbO3 thin films was shown in

Fig.3. The LiNbO3 thin films with a smooth surface and transparency were obtained on the diamond substrate. The

crystal size and surface roughness Ra were 100 nm and 5 nm, respectively. There has been remarkable progress of

surface flatness; diamond substrates with a mechanically polished surface roughness below 3 nm are commercially

available. Since the density of nucleation for the LiNbO3 crystal was uniform on the flat substrate, the LiNbO3 thin

films grew smooth, too. The average surface roughness was sufficiently level to fabricate aluminum electrodes for the

SAW devices onto the as-grown LiNbO3 thin films.

100 nm

Figure 1. Typical AFM image for AIN thin films with the thickness of 1 gm

deposited on a diamond substrate at the distance L of 100 mm.
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Figure 2. X-ray diffraction patterns of AIN films

deposited on a diamond substrate at
the distance L of 100 mm. The

corresponding rocking curve for the

AIN(002) peak is shown in the inset.

Figure 3. Typical AFM image for LiNbO3

films deposited on a diamond

substrate without substrate heating.

CONCLUSION

In conclusion, A1N and LiNbO3 thin films with smooth surfaces were prepared on polycrystalline diamond-

coated silicon substrates at low substrate temperature of 623 K. We have succeeded in fabricating an

IDT/A1N/diamond structure. Highly c-axis oriented and stoichiometric AIN thin films were obtained on a diamond

substrate using reactive DC magnetron sputtering method. The average surface roughness Ra was below 2 nm by

locating the diamond substrates at the position of 100 mm from the A1 target. The experimental value of SAW

velocity was 10,120 m/s. IDT/A1N/diamond SAW devices operating at around 2.5 GHz were prepared and tested.

The LiNbO3 thin films were obtained on a diamond substrate using reactive RF magnetron sputtering method. The

surface roughness Ra of the LiNbO3 thin films was 5 nm.
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ABSTRACT

A study of pulsed bias-enhax_ced nucleation of highly oriented diamond on (100) silicon is reported. In

contrast to the conventional direct current substrate biasing, a pre-caxburization was not needed in the processing of

the aligned diamond. Pulse biasing at frequencies from 1 Hz to 2 kHz did not show any frequency dependence and

produced a constant percentage of oriented diamond nuclei of nearly 50%. In contrast, a variation of the duty cycle

of a 60 Hz square waveform from 3% to 75% showed a hyperbolic decrease in the percentage of highly oriented

diamond nuclei, with a maximum of-45% occuring at the shorter duty cycles.

A preliminary study addressing the issue of wafer bonding of diamond to silicon was also performed.

Highly polished, polycrystalline diamond (RMS roughness -15.0 nm) was bonded to single-side polished, (100)

silicon in a dedicated ultrahigh vacuum bonding apparatus. Direct bonding under an applied uniaxial pressure of

-32MPa was observed at temperatures above 950°C, as evidenced by infrared and acoustic imaging techniques.

Partial bonding of the diamond to silicon was observed at 950°C and 1050°C, whereas, complete bonding was
evidenced at 1150°C and 1200°C.

Keywords: Pulsed bias-enhanced nucleation, highly oriented diamond, silicon-on-diamond, fusion bonding

INTRODUCTION

Silicon-on-insulator (SOI) technology has been the subject of interest for its favorable influence on metal-

oxide-semiconductor (MOS) devices. The conventional SOI technology uses a buried silicon dioxide layer which

effectively reduces parasitic capacitances leading to nearly ideal MOS device operation. One detriment of this

approach is its poor thermal conductivity, leading to less efficient heat dissipation from the active silicon layer [1-4]

and deteriorated device attributes [5].

Diamond's outstanding thermal and dielectric properties seem ideally suited for use as the buried insulator

in the SOI scheme. Bulk, crystalline diamond possesses the unique combination of high room temperature thermal

conductivity and electrical insulating properties. Although the application of chemical vapor deposited diamond

may find utility in such thermal management applications, the thermal transport properties of polycrystalline

diamond are limited by thermal scattering at the grain boundaries [6-8] and at the diamond/substrate interface [9-

11 ]. In this regard, it is imperative that steps be taken to limit the presence of defects within the diamond films.

Highly oriented diamond (HOD) [12,13], with properties close to those of natural diamond, offers a great

potential as the passive heat conducting layer in the SOI structure. The oriented nature of the diamond crystallites is

anticipated to significantly enhance the thermal transport characteristics of the polycrystalline films. This paper

discusses heteroepitaxial diamond growth using a pulsed bias-enhanced nucleation treatment, followed by

presentation of preliminary results on fusion bonding of (100) silicon to highly polished, polycrystalline diamond.

This latter experimentation is prerequisite to wafer bonding of the highly oriented diamond to silicon.

EXPERIMENTAL APPROACH

Pulsed bias-enhanced nucleation

Single-side polished, (100) silicon substrates were used in the nucleation and growth experiments. The

substrates, 2.5 cm x 2.5 cm in dimension, were cleaned in acetone and methanol and thoroughly rinsed in de-ionized
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Table1.Diamondnucleationandgrowthconditions.
Parameters Pulsed bias-enhanced nucleation Diamond deposition

CH4/H2 2% 1%

Pressure 15 Torr 25 Torr

Microwave power 900-1100 Watts 700 Watts

Substrate temperature - 850°C 730°C

'ON' state bias voltage -250 volts 0
'ON' state bias current -0.350 A 0

'OFF' state bias voltage 0 volts 0

'OFF' state bias current 0 A 0

water, placed on a molybdenum substrate holder and immediately transferred to a microwave plasma chemical

vapor deposition system. A 2.45 GHz ASTeX TM microwave power supply with a 1.5 kW capability was used to

generate a flee standing plasma within the growth chamber. The substrate holder containing the samples was

isolated from ground, enabling the substrates to be electrically biased.

The pulsed bias-enhanced nucleation (BEN) experiments involved the use of a square waveform bias

potential. The voltage, provided by a frequency generator, was amplified to a desired value using a voltage

amplifier. An 'ON' and 'OFF' state bias potential of-250 V and 0 V were used, respectively. Both the bias voltage

and effective bias current were monitored using an oscilloscope; the effective bias current by measuring the voltage

across a 10 fl resistor. The process parameters used during the BEN and diamond deposition processes are
summarized in Table 1.

A variation of the bias voltage duty cycle for a 60 Hz square waveform was studied first. Duty cycles

ranging from 3% to 75% were investigated, as shown schematically in Figure 1. A subsequent study addressing the

influence of bias frequency (1 Hz and 2 kHz) was also undertaken employing a square waveform with a duty cycle

of 17%. In both studies, a pre-caxburization step was not used as a means of facilitating oriented diamond

formation; only the pulsed substrate biasing was implemented. The percentage of aligned crystallites and the

duration required to form a diamond film were the parameters monitored in these investigations. The latter data was

qualitatively ascertained by visually inspecting the substrate during the biasing experimentation. Previous

experiments determined the onset of diamond film formation to be evidenced by a dark film formed on the silicon

substrate. Scanning electron microscopy (JEOL 6400f) was used to image the diamond crystallites following the

nucleation and growth experiments.

Silicon-on-diamond fabrication

The bonding experiments were conducted in a dedicated ultrahigh vacuum apparatus. The applied load and

fusion temperature were the important control parameters in this investigation. Highly polished, randomly oriented
diamond films (RMS roughness of-15.0 nm) obtained from Kobe Steel USA Inc. and single-side polished, (100)

silicon wafers (RMS roughness of <1.0 rim) were used in these experiments. The polycrystalline diamond was

nominally 25 gm thick grown on -1 mm thick silicon.

The silicon wafers (1 cm x 3 cm) and the CVD grown diamond (3 mm x 4 mm) were cleaned in acetone

and methanol, and rinsed in de-ionized water to remove surface contaminax_ts. The samples were then affixed to

separate molybdenum sample holders and placed in a cleaned container. The whole procedure was done in a Class

100 pm-ticnlate hood. The container was subsequently transferred to a glovebox connected to a load-lock which was
interfaced to the bonding apparatus. The glovebox was continuously purged with hepa-filtered air enabling entrance
of the samples into the UHV system while limiting the amount of particulate contamination.

The bonding experiments were designed to evaluate the influence of fusion temperature on the quality of
the silicon-to-diamond bonding. Temperatures of 850°C, 950°C, 1050°C, 1150°C, and 1200°C were examined
under an applied pressure of-32MPa and duration of 15 hrs. The samples were subjected to the applied load only

after the desired temperature was attained, which generally took 2 hrs. Following the high temperature bonding, the

bonded specimen was slowly cooled to room temperature over a period of 5 hrs in the absence of any load. The

specimen was subsequently removed from the system and examined using infrared (IR) and acoustic imaging.
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RESULTS AND DISCUSSION

Pulse biasing of highly oriented diamond on silicon
The results of the pulsed bias-enhanced nucleation investigation revealed that the cyclic action of the

substrate bias is essential for obtaining oriented diamond in the absence of a pre-carburization surface treatment.

Past work by this laboratory [12] has found it important to use a carburization pretreatment prior to the conventional

direct current BEN in order to produce close to 50% oriented nuclei.

An indication that the duty cycle is a critical aspect of the nucleation enhancement process as well as the
aligned diamond formation was revealed in the bias time to diamond film formation results. This time was found to

be inversely proportional to the duty cycle; a similar functional dependence was observed for the fraction of oriented
diamond nuclei. Substrate biasing using a 17% duty cycle and a bias time of -60 rain provided nearly 50% oriented
diamond, as seen in Figure 2a. At a duty cycle of a 50%, a bias duration of only -20 rain was required for film

formation, however, only about 20% of the diamond was oriented, as seen in Figure 2b. Although the hyperbolic

trend in our data suggested that the fraction of oriented nuclei can be increased beyond 50% for low duty cycles, the
authors observed a saturation just below this value, as seen in Figure 3. This suggests that the diamond/substrate

lattice mismatch may be limiting the nucleation of epitaxial diamond and can not be improved by optimized
processing.

Wavelimn
peliod

Duty cycle _ ,

il 0 v, 'OFF' state
3q_,

.................. -250 v, 'ON' state

6% 1

17% U

25% U--

33% ] [--

50% [__ --

Figure 1. Plots of the various duty cycles examined in this investigation to determine their influence on the

formation of highly oriented diamond. (Note: The waveform period is 0.016 sec)

Figure 2. Scanning electron micrographs of diamond produced using a square waveform substrate bias involving a

(a) 17% duty cycle and (b) 50% duty cycle followed by 20 hrs of diamond deposition.
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Figure 4. Plot of the fraction of highly oriented diamond versus bias frequency. The data reveals relatively little

influence on the oriented crystallite formation with bias frequency.

A variation in the bias frequency using a square waveform potential with a duty cycle of 17% was also

performed to evaluate the influence of frequency on the HOD formation. As seen in Figure 4, there is no

appreciable change in the fraction of oriented diamond in the examined frequency range. However, it is interesting

to note that the film formation bias time decreased linearly from -60 min to -40 min when increasing the bias

frequency from 1 Hz to 2 kHz.

Fusion bonding of diamond to silicon
Wafer bonding is a promising approach to obtaining monocrystalline silicon on high quality diamond and

was targeted in this study. The task of obtaining smooth diamond samples is rather difficult based on the inherent

hardness of diamond. For this study the roughness of the polished diamond films displayed extreme roughness

values as large as 50.0 nm, as determined by atomic force microscopy, although typical RMS surface roughness

values closer to 15.0 nm were observed. Surface roughness generally aggravates the bonding process, as has been

experienced in silicon-silicon fusion experiments [14]. Given these relatively large surface roughness values, the

preliminary successes in bonding observed in this study were considered quite promising.
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Table2.Generalobservationsforthesilicon-on-diamondbondingexperimentation.
BondingtemperatureSpecimensbonded Bondedarea

850°C No
950°C Yes partial
1050°C Yes partial
1150°C Yes complete
1200°C Yes complete

Figure5showsaphotographofthemolybdenumholdersafterawaferbondingexperimentat1200°C,
showingthefuseddiamond-coatedsiliconsubstratebondedtothelargersiliconwafer.Ingeneral,allthespecimens
subjectedto1150°Corhigherbondingtemperaturesatfusionpressuresof-32MPaweresuccessfullybondedover
thewholearea,asdeterminedbyIRimaging.Partialbondingwasobservedattemperaturesbelow1150°C.The
generalobservationsfromtheseexperimentsaresummarizedinTable2.

TheacousticimageinFigure6showsthediamond-siliconcoupleproducedat1050°C.It revealsthatthe
waferswereonlypartiallybonded.Theauthorsaxecurrentlyevaluatingwhetheramodificationintheappliedload
atthelowerfusiontemperaturesmayenhancetheareaofbonding.Theacousticimage(andschematic)inFigure6
showcrackingwithinthediamondlayer,asevidencedbythedarklinearfeaturesintheimage.Ithasbeenobserved
thattheapplicationofanon-uniformloadledtoincompletebondingbetweenthediamondandsiliconaswellas
crackingintheregionwheretheloadwasconcentrated.

i!i!i_!!_i_i!i!iii!iiiiii!iiiiiii!iiiii!iiii!!i!!i!ii!!!!!iiiii!iiiiiiiiii!!
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Figure 5. Diamond and silicon samples after fusion bonding.
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Figure 6. Acoustic image (a) of fusion bonded diamond to silicon and (b) the schematic representing the various

aspects of the bond region. (Note: The graphic reveals the diamond was grown selectively into pads of 3 mm x 4

mm in dimension; Each specimen consisted of 1 1/2 diamond pads)
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Summary
Pulsedbias-enhancednucleationofhighlyorienteddiamondon(100)siliconhasbeenevaluatedinthe

contextofdutycycleandfrequencyoftheappliedbias.Thepulsingactionofthesquarewaveformwasimportant
fortheprocessofformingtheepitaxialdiamondintheabsenceofapre-carburizationsurfacetreatment.Theduty
cycleshowedastrongeffectofthebiastimeontheonsetofdiamondfilmformationandfractionoforientednuclei
thatdeveloped.Conversely,thebiasfrequencyhadverylittleinfluenceontheepitaxialdiamondformation.

Thewaferbondingofdiamond-to-siliconrevealedfusionbondingattemperaturesabove950°Catan
appliedpressureof -32MPa.Uniformbondingovertheentirediamondfilmsurfacewasobservedforfusion
temperaturesabove1150°C.
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ABSTRACT

Polycrystalline Diamond films produced by Microwave Plasma Enhanced Chemical Vapor Deposition

(MWCVD) were investigated for high power and high temperature electronic applications. The diamond films were

deposited on tungsten substrates and on silicon substrates coated with metal electrodes. Due to the difference in the

thermal expansion coefficients of diamond and tungsten, cohesive freestanding diamond films ranging from 10btm to

150btm thick were obtained as the diamond films parted from tungsten substrates as the samples cooled after

deposition. Test devices were fabricated on both freestanding diamond and diamond on silicon substrates.

Dielectric characterization was performed as a function of frequency and temperature. Voltage breakdown, I-V

characteristics, insulation resistance, resistivity and thermal conductivity measurements were also performed. The

film quality was assessed using SEM, XRD, Raman spectroscopy and electrical characterization. High quality CVD

diamond films had dielectric constants ranging from 5 to 7 and loss tangents less than 0.001 over the frequency

range of 100 Hz to lxl06 Hz at room temperature, resistivities on the order of 1014 ohm-cm and breakdown voltages

approaching that of natural diamond. Applications of CVD diamond in high temperature and high power passive

devices and switches will be discussed.

Keywords: CVD diamond, high temperature passive, dielectrics
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ABSTRACT

High-temperature electronics and MEMS (Micro-Electxo-Mechanical Systems) based on polycrystalline

diamond (PCD) appear to be promising because of its wide bandgap, high thermal conductivity, and large carrier

mobilities. The primary objective of this research is to develop techniques for the synthesis of both doped and

undoped high quality PCD films with good flatness and surface roughness suitable for the fabrication of high

temperature electronic and MEM devices. The PCD films are deposited by the microwave plasma enhanced chemical

vapor deposition (MPCVD) method for the deposition of PCD films on Si (100) substrates using methane in a

hydrogen plasma environment. The influence of various process parameters on the crystal quality, and properties of

the PCD films are studied. The films are characterized by Raman Spectroscopy, SEM, AFM, and X-Ray Diffraction

techniques. Initial evaluation of the electrical properties is done involving measurement of current-voltage and

capacitance-voltage characteristics of test structures fabricated on free-standing 10 gm thick PCD films at both room
....... 11 12

and elevated temperatures. Typmal film reslshvltms axe m the range of 10 - 10 _.cm while the dielectric

constants are near 5.6, which is representative of natural diamond. These PCD films are being used for the

fabrication of single and multilayer PCD capacitors for high temperature characterization and operation.

Keywords: diamond, microwave plasma CVD, electrical properties, capacitors, electronics

_TRODUCTION

High value capacitors used in power electronics are based on ceramic dielectrics, but at high temperatures they

have limited lifetime and often fail in operation. Recent advances in the growth of polycrystalline diamond have led

to the production of thick coarse-grained films on silicon, which have very high resistivity and breakdown strength

approaching that of single crystal diamond (refs. 1 to 5). Several properties of diamond such as: its large bandgap

energy, exceptional mechanical hardness and chemical inertness, high melting point, large thermal conductivity,

very high resistivity, and dielectric strength, make it promising over other semiconductors (ref. 6). These properties

make PCD attractive for use as a dielectric in capacitors for high power electronic circuits and also for MEMS.

Many promising electronic device applications of thin diamond films are expected in the near future (refs. 7 to 12).

The objective of this research is to produce high quality polycrystalline diamond films with good flatness

and low surface roughness, and to investigate ways of the fabricating electronic devices. The devices addressed here

are primarily for high temperature operation while the MEM devices axe for sensor and actuator applications, which

may not necessarily be for high temperature operation. Diamond is almost an ideal candidate material as an insulator

in capacitors. Preliminary research is done to investigate methods for fabricating capacitor test structures on free-

standing PCD films, and related characterization techniques for determining of PCD film properties.

EXPERIMENTAL

Experimental Set-Up

An Electron Cyclotron Resonance (ECR)-PMCVD facility has been created and used for PCD thin film

deposition (refs. 13 to 14). This facility is based on an ASTeX magnetized microwave plasma source (ref. 15) as

shown in Fig. 1. It consists of a 1.5 kW magnetron power supply at 2.45 GHz, microwave components,

symmetric plasma coupler with quarts window, window and exit electromagnets for ECR mode, downstream

chamber, and movable r.f. heated platform. In addition, the facility is supported by a turbomolecular pump, gas

flow and pressure control units, cold traps, and a water cooling unit. This system can produce high quality

polycrystalline diamond films in the upper deposition chamber at high pressures such as at 40 torr. Our ECR
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Figure 1. Schematic of the ECR-Microwave Plasma ECR-PECVD

Materials, Deposition Conditions, and Characterization of Diamond Films

Silicon wafers, p-type (100) diced into squares (25 x 25 x 0.5 mm) were used as substrates for deposition of

PCD. Standard wafer cleaning prior to deposition was applied in a controlled environment, which included

sequential ultrasonic agitation in ethanol, acetone, ethanol, de-ionized water, and drying in Ar jet (refs. 16 to 17).

The surface activation procedure prior deposition included treatment of the Si substJcate for 2 hours in an ultrasonic

bath of ethanol and diamond powder (20-40 pm slurry). The process was followed by rinsing in acetone and in

ethanol and drying in a N2 before placing into the reactor. Prior to deposition, a 30 minute etching was done in the

hydrogen plasma to clean the Si substrate off the native oxide layer.

The diamond films were deposited under different microwave-plasma deposition conditions in order to observe

changes in film characteristics because of the different process parameters such as temperature, total pressure, and

flow rates of H2 and CH4. High quality PCD was grown using conventional conditions (ref. 18), which were

modified to fit the nature and geometry of the substrates and the MPCVD system. An optimized set of growth

parameters included; substJcate temperature of 750°C, pressure of 4 kPa (30 torr), hydrogen gas flow of 500 sccm,

methane gas flow of 5 sccm, microwave power of 900 W, and deposition time of 5 hours. The growth rate was

about 0.4 pm/h and a 10 pm thick PCD films were easily obtained in 24 hours using the above listed deposition

parameters. Our approach allows better control of the deposition parameters during PCD growth, which yields

smooth and uniform diamond films (ref. 19).

A scanning electron microscope (Cambridge Stereoscan 90) was used to examine the surface morphology of the

samples. Micro-Raman (Instrument SA, T 64000, Jobin Yvon triple monochromator system, equipped with an

optical multi-charmel detector-CCD array) was employed for identification of the CVD diamond films. The output

power of the Ar + laser (514.5 nm wavelength) was 10 mW, and it was focused up to 2 gm beam size. The surface

roughness was studied by using Atomic Force Microscope, model Autoprobe CP Unit, made by

Thermomicroscope.

Some of the diamond films were studied by x-ray diffraction using an X'pert- Philips model PW3040. The X-

ray source was a Cu target (Cu K_) and the voltage on the x-ray tube was 25 KV. The range of angle (20) was set

between 40 ° and 145 ° to cover all the important diamond peaks at a scanning rate of 2.5 s per step size of 0.02 °.
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RESULTS AND DISCUSSION

For the construction of single and multilayer capacitors, the PCD films need to be only thin, in the range of 4-
• 2 • 2 •

6 gm, but they must be umform over areas up to 25.8 cm (4 m ). The growth surfaces of PCD films generally tend

to be rough with typical surface roughness being about 10% of the PCD thickness. In this research, growth

techniques have been developed for the production of uniform PCD films of 10 gm thickness with low surface

roughness.

Some of the deposited films were selected for examination by SEM. Two types of samples were prepared;

fractured cross-sectional view and top view which are shown in Fig.2 (a) and (b). The PCD, depending on the

deposition conditions, had very fine grains and hence low roughness. The morphology at higher magnification was

found to be generally faceted, and consisted of a combination of {111 } and {110} facets (Fig.2 (b). PretJceat_nent

with the 20-40 gm slurry seems to be the best as for as film morphology and flatness are concerned. The cross-

sectional view of the films shown in Fig.2 (a) indicates that the ultrasonic treatment produces films of uniform

thickness• The films are dense, well adhered, and continuous•

::::::::::::::::::::::::::::::::::::::::::::>!'!'!?!?:':':':'!':"

(a)

_; ".". .... . _. "-.:.:.._'..

•;." .;.:.:.:.1.;.:.:.'<

_.. ".:
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•...4::'>.::_._

(c)

Figure 2. SEM micrograph of diamond film deposited on Si (100); ultra sonic activation of the substrate

in diamond slurry (20gm grids), 750°C, 30 torr, 1.0 % CH4, 500 sccm H2, 900 W, 24 h growth time; (a)

cross sectional view; (b) plan view; (c) three-dimensional AFM image of the as-grown film

To obtain information on planography and surface roughness, AFM in a contact mode is employed• Figure 2

(c) shows a three dimensional AFM image of PCD film. The obtained root mean square (RMS)2 surface roughness is
about 42.9 nm and the average roughness is about 34.4 nm for a scanned area of about 935 gm. This surface

roughness is closer to nanocrystalline diamond films and about one order of magnitude smaller than the reported

polycrystalline diamond roughness (ref. 20). These smooth diamond films are very useful for further processing of
electronic and MEMS devices•

The CVD diamond films were characterized by Raman spectroscopy• Typical Micro-Raman spectrum of
1

polycrystalline diamond obtained in this research is shown in Fig. 3 (a). The sharp peak at 1332 cm- is the first
.... 3

order phonon peak of dmmond, and is assigned as the dmmond (sp bonding) component of the film. The high

intensity of this peak with respect to the background fluorescence indicates good crystal quality• The broad peak
2 ....

centered around 1550 cm -1 is attributed to the sp bonding of non-dmmond forms of carbon (graphite and possibly

amorphous carbon)• The sensitivity of the Raman technique to sp _ (non-diamond) bond_ed phase of carbon is 50
times greater than that of sp 3 bonded phase (ref. 21). Thus the peak around 1550 cm represents much smaller

amount of the non-diamond phase in our films (ref. 21 to 22).
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Figure 3. (a) Micro-Raman spectrum of PCD film on Si (100); ultra sonic activation of the substrate in

diamond slurry (20gm grids), 850°C, 60 torr, 0.5 % CH4, 300 sccm H2, 900 W, 5 h growth time; (b) PCD
DOT capacitor test structures fabricated on free-standing 10 gm thick PCD film

Fabrication of Free Standing Diamond Films and Test Capacitors Based on PCD

The electrical properties of PCD films were measured by creating test capacitors by (a) high-rate etching of the

crystalline host silicon in sulfur hexafluoride (HF6) plasma, and (b) developing a non-lithographic technique for

patterning the silicon to produce free-standing PCD films on which circular (abbreviated: DOT) test capacitors were

then fabricated. The free-standing PCD areas were produced by etching away the host silicon over window areas of

5x5 mm 2. A simple method adopted using a shadow mask, which consists of long metal stripes separated by spaces

of equal width. Aluminum which was found to be resistant to SF6 plasma is deposited through the shadow mask

over the silicon surface. This produced an array of square windows through which the silicon can be etched away in

the SF6 plasma. After etching, the PCD structure had the appearance of arrays of translucent PCD squares supported

on a rigid silicon grid, which provided physical strength to the structures. Such free-standing diamond films can be

used for pressure sensors based on optical diaphragm displacement. The high strength and high thermal stability of

the PCD allows the sensors to operate at elevated temperatures. Research on such sensors is currently in progress.

The ground plane of the capacitor array was fabricated by sputtering a 0.4 gm thick continuos Ti film on the

rough PCD surface, and sequentially thermally evaporating 0.1 gm thick gold layer on top of Ti. The DOTs on the
opposite (etched Si) side of the capacitors were formed by the same procedure using a shadow mask with circular

windows. Details this fabrication and testing of diamond-based capacitors are given elsewhere (ref. 23). The final

DOT capacitor test structure is shown in Fig. 3 (b).

Electrical Characterization of PCD Test Capacitors

The DOT capacitors built on thin PCD films were very fragile and easily fractured during testing with

conventional sharp-tipped tungsten probes. To overcome this problem, gold coated cats-wisker probes were

constructed and mounted on a hot chuck. PCD samples designated MSE1 have been subjected to the following set

of measurements of the PCD test capacitors: (a) the measurement of individual test capacitors at room temperature,

and (b) the measurement of current-voltage (IV) characteristics at room and elevated temperatures. The capacitances

were measured at 1 MHz at room temperature, and the IV measurements were done at 25°C, 50°C, and 100°C over

the voltage range of 0-200V. The results for MSE1 are summarized in Fig. 4 (a) and (b).
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Figure 4. (a) Current-voltage characteristic of PCD sample MSE1 (window#5, located in the middle of

the capacitor array); (b) Differential resistivity versus voltage for sample MSE1 at 25°C

The PCD samples yielded very narrow spreads in the capacitor values indicating good uniformity of the film
thickness over the 6.45 cm 2 (1 inch square) size. The results from other windows were quite similar across the

individual test capacitors/windows of each sample. In general, the current increased with increasing applied voltage-

Fig 4 (a). Initial PCD films show a characteristic 150V knee in the current-voltage characteristics. This may be a

feature of the polycrystalline nature of the fills and needs to be further investigated. Plots of differential resistivity

as a function of voltage are shown in Fig. 4 (b). The zero bias resistivities axe then obtained by extrapolation. A

summary of the electrical data is given in Table 1.

Table 5. Electrical characteristics of PCD film MSE1 grown on Si (100); ultra sonic activation of the

substrate in diamond slurry (20gm grids), 750°C, 30 torr, 1.0 % CH4, 500sccm H2, 900 W, 24 h growth time

Sample ID

MSE1

PCD thickness

(gm)

10.2

Average

Capacitance

(p_)
8.3

Dielectric constant

5.41

Zero bias

resistivity (tl-cm)

>1013

The values for the dielectric constant are close to that for natural diamond. However, some error is expected because

the exact thickness of the PCD was difficult to obtain. Similar data regarding the resistivity and the dielectric

constant of diamond fills are reported by other groups (refs. 1 to 5).

SUMMARY AND CONCLUSIONS

An ECR-MPCVD facility for advanced thin fill processing was created. Polycrystalline diamond films on

(100) silicon substrates were deposited from methane in a hydrogen microwave plasma environment. The nature of

the diamond film was characterized by SEM, micro-Raman spectroscopy, AFM, and X-ray diffraction. Excellent

diamond films with very good flatness and law surface roughness were fabricated for application in high temperature

electronics and MEMS. A non-photolithographic technique for the fast fabrication of arrays of parallel-plate (DOT)
........ 12

capacitors on thin free-standing PCD films was developed. High PCD film reslsltlVltles exceeding 10 tl.cm with

dielectric constant of about 5.6 were obtained. These films appeared to be adequate for capacitor and MEMS

applications. Techniques for the fabrication of multilayer capacitors and optical fiber-based pressure sensors for high

temperature operations are under investigation.
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1. Introduction.

The main barrier for electron emission in metal/diamond/vacuum system is at the back metal contact.

Emission is limited by the electron tunneling from the back contact into the diamond conduction band,

rather than from the conduction band into the vacuum. For overcoming this problem we have suggested to

inject electron in diamond membrane at the back side from external electron source. Diamond consists of

carbon atoms, which have low atomic number, and therefore it has high transparency for low energy

electrons. Moreover, diamond is one of most chemical and mechanical stable material and has the highest

secondary electron emission coefficient (more than 100). So, diamond membrane may be used for electron

multiplication and direct studying of diamond emission properties. In this report, we inform about

measurement of secondary electron emission yield from cesiated diamond membrane.

2. Diamond growth and characterization
Diamond films were grown by microwave plasma CVD on p- type Si {100} substrates. The

growth parameters were : MW power 800 1000 W, Wsubstrat e _ 850°C, Total pressure - 80 Torr. The

working gas mixture was composed by hydrogen with ethanol (or methanol) vapor in proportion 94% to

6% accordingly. Boric acid dissolved to saturation in methanol and trimethylboron (B (CU3) 3), dissolved in

ethanol were used as boron sources. For preparing the diamond film membranes, the holes with size of 2
6 mm in diameter were etched in the back side of Si substrates.

The secondary-electron yield was studied on experimental setup shown in Fig. 1.

...
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Fig.1 Experimental setup for studying the secondary electron emission from diamond membrane (1-

electron gun, 2-electron beam, 3-Si substrate, 4-diamond film, 5-dielectric holder, 6-detector, 7-amplifier,

8-Cs source, 9-voltage supplier).
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3.Resultsand Discussion.

It was found that the secondary-electron yield is very sensitive to the incident electron energy and the

surface termination with hydrogen and Cs. Influence of external electric field on secondary emission

properties was measured. It was found that the secondary-electron yield essentially increase when

external electric field was applied. Fig. 2 show influence of external field Ut on secondary-electron yield K

for different energy of primary electrons (V-15 kV,, - 20 kV, • - 25 kV and V- 30 kV). From these results

we can conclude that enhancement of secondary electron yield by external electric field is higher for high

energy of primary electrons.

k.

-03 -45 -33 -15

3
K

0 15

Fig.2. Dependence of secondary electron yield on external field Ut.

The influence of cesiation time (thickness of Cs layer) on secondary-electron yield K is presented on Fig. 3.

Fig.3. Dependence of secondary electron yield on the time of Cs deposition
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Fromthisresultwecanmakethenextconclusions:
- mostpartofCVDpolycrystallinediamondfilmhavepositiveelectronaffinity,
-secondaryelectronyieldisverysensitivetothethicknessofCslayer,
-Cesiateddiamondmembranemaybeusedaseffectiveelectronmultiplier.
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The new method using the bias was proposed as a method for doping the impurity to the

diamond. Boron dope diamond film was produced in order to evaluate the effectiveness

of this method, and the electrical characteristic was examined. This new doping method

is based on the principle which applies the negative bias in the diamond CVD equipment

in installed electrode for the impurity. The electrode for the impurity with the negative

bias supplies the impurity in the plasma by ion-sputtering. It is possible to promote

diamond growth with the positive bias by the electron shower. As the result, various

impurity addition are enabled, while the diamond thin film is kept high-quality. The

boron-dope diamond film was produced by this method, and the electrical properties were

examined. First, by usual bias processing method, the diamond film for the insulation

was produced on n-Si, and the boron-dope diamond film was produced on the substrate.

In the impurity source, Ti-B composite with the electrical conductivity was used, and the

bias voltage changed from 0 to 300V. As the result, the good boron-doped diamond film

was obtained. The electrical resistivity were about 10-2 f_ -cm, and the Hall mobility

were about 200-1000 cm2/v.s., p-type were recobnized from Hall effect and Zeebeck

effect. The activation energy of the boron was about 0.3eV. It is shown that the

mobility of doped diamond films by this method are very high, and that the method of this

impurity addition is effective for controlling electrical characteristic by the bias voltage.

(Abstractl,ADC2001)
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ABSTRACT

The excellent electrical, optical, and mechanical property of diamond thin films is the driving force for its

current research in producing thin films of diamond. Based upon the unique properties of diamond, enormous state-

of-the-art novel electron devices and sensors devices are possible. Several device configurations are provided of

hybrid microelectronics, opto-electronic, and other novel devices realizable with the diamond material. Thermal

management of electronic devices is extremely important in the design of sensors and high-speed high-density

electronic circuits with power devices fabricated monolithically. A preliminary theoretical computation for

comparison of the power dissipation vs. gate propagation delay for diamond, silicon, and gallium arsenide based

devices is presented. Thermal interaction of semiconductor devices on the substrates as it relates to their close

proximity and spacing is addressed. It is suggested that based upon diamond thin films, as a microelectronic lateral

extension to complexity, RAM on processors, system on chip (SOC), network on chip, and superchips are possible.

Keywords: Diamond, Electronic Devices, Thin Films, Microelectronics, and Hybrid.

INTRODUCTION

The speed, functions, and reliability of the modem day integrated circuits continue to increase with decrease in

chip size. The physical size and the speed consideration are severely limited by the properties of the substrate

materials. GaAs material has higher electron velocity and is used for high-speed devices. However, it suffers from

several disadvantages due to its poor thermal conductivity. Standard semiconductor processing techniques are not

readily applicable for GaAs. Hence, in search of an alternate material, thin films of diamond are currently under

extensive investigation. Due to its physical characteristics diamond has tremendous applications (ref. 1 to 3),

ranging from freestanding monolithic substrate material to high-speed high-density multichip microelectronic

circuits, opto-electronics, packaging modules, optical, biomedical, and tribological applications. The aim of this

paper is to demonstrate the suitability of diamond thin films as a novel electronic material from application

standpoint.

AN OVERVIEW OF DIAMOND CHARACTERISTICS

Thin films of diamond are SP 3 bonded carbon atoms arranged in a cubic or hexagonal crystal structure (ref. 4).

Both the cubic and the hexagonal crystal structures are suitable for electronic and optical applications. Current

research does not indicate any preference towards either structure for enhancement of properties. Diamond is the

hardest material known to mankind. It occurs in nature in Kimberlite rock formation and often displays a

characteristic color of the dominating impurity. Several desirable electrical and optical characteristics result from its

high band gap (5.45 eV). Due to wide energy gap and high electron mobility, semiconducting diamond films can be

used for optical faster device operation such as in communication and computation. Insulating diamond has a high

intrinsic resistivity (_ 1 x 1017 _2-cm.) which allows closely packed devices to have a high degree of isolation, thus

reducing the effects of parasitic capacitance. A dielectric strength on the order of (= 1 x 108 V/cm.) enables the

fabrication of high voltage and high power devices. Other important properties of diamond include high thermal

conductivity of (10-20 W/cm.-K) and controlled high temperature coefficient of resistivity. Hence, diamond

substrates find tremendous applications in thermistors. Diamond has an effective transmission range starting just

above the 230 nm. wavelength range and extending all the way up to 40 _tm. range, the broadest spectral

transmission of all solids. Semiconductor diamond hence is the best candidate for tandem junction photovoltaic

devices, ultra fast room-temperature optical (UV-VIS-IR) radiation detectors, opto-electronic & photonic switches,

and sensors. Due to its wide wavelength range and optical transmissive property diamond in intrinsic form (natural

or synthetic) is considered as a high efficiency window material and is an ideal candidate for fiber-optic couplers.

Employing diamond and other wide bandgap materials, monolithic integration of Opto-electronic Integrated Circuits
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(OEIC)andApplicationSpecificIC's(ASIC)intosinglechipnowseemslikelytorevolutionizetheSystemonChip
(SOC)technologies,whichislikelytoreducethepackagingcostwithincreaseinproductreliability,ascomparedto
itsdiscretealternatives.Thehighestspeedsoundvelocityandlowspecificdensitypropertyofdiamondhas
potentialsforapplicationsinsupersonicsoundtransmissionmediaforcouplers.Theimpedancematching
characteristicsofdiamondlayersisidealforacousticsupersonicsoundgeneratorsandtransducers.TableI.shows
thephysical,electrical,optical,andmechanicalpropertiesofdiamondandotherwidebandgapmaterials.Thetable
showscomparisonofvaluesoffigureofmeritamongSi,GaAs,SiC,& Diamondbaseddevices,aswell.

NUCLEATION AND SYNTHESIS OF DIAMOND FILMS

The mechanism of diamond nucleation and growth is not yet clear. However, diamond deposition techniques

can be broadly categorized into (a): processes operating under non-thermal equilibrium and (b): processes operating

under local thermal equilibrium. An extensive literature exists providing explanation of the methods of diamond

deposition. Most commonly employed deposition techniques such as microwave plasma assisted chemical vapor

deposition, electron cyclotron resonance (ECR), and hot filament CVD (HFCVD) processes operate under non-

thermal equilibrium conditions. The deposition rate of such processes range typically from (0.1-5.0 gm/hr). In the

deposition techniques employing LTE e.g. thermal plasma CVD and oxy-acetylene flame the ions and electrons are

at the same temperature. The presence of abundant atomic hydrogen helps etch the graphitic bonds which leads to

enhanced diamond growth and renders the LTE CVD process an attractive technique for diamond deposition. In an

R.F. thermal plasma system, a high power RF field is applied to ionize a confined volume of gas, while in oxy-

acetylene torch flame temperature creates the ionized plasma. The carrier and the process gases are injected axially

and at an angle by a unique gas dispensing mechanism, so as to produce a swirl or vortex of the reactive species

around substrate. The gas velocities are adjusted such that the reactive species interact with the substrate in less than

2-3 msec (ref. 5). Employing such modification of the existing systems (ref. 6 to 9) growth rates on the order of 200-

300 gm/hr, can be realized. Table 2 lists a summary of diamond deposition growth techniques and typical growth

rates.

The study of radicals contributing to the growth of diamond films is critical to realize the synthesis of good

quality diamond. The radical densities are studied under different growth conditions to clarify the mechanism of

diamond film Growth (ref. 10), allowing controlled deposition from the nucleation stage onwards. A modified

residual gas analyzer (RGA) equipment as radical identification technique (RIT) is employed to detect the

contributing radicals, in an integrated deposition and in-situ characterization system (ref. 11). The unique RIT

design of the system provides detection of radicals and an in-situ Raman evaluation for crystallinity. One of the key

steps in CVD processes is to relate the processing parameters with the characteristics of deposited films. The

experimental permutations necessary to achieve the optimum results are typically prohibitively large. One of the

commonly employed techniques is Taguchi's method. Mathematical simulation of the processes using concept of

designed experiments is typically used to optimize the process yield.

Despite of the large impetus on the growth of diamond films several fundamental issues need to be addressed:

1): Influence of Structure: It is known that the structure and morphology of diamond films depend critically on

deposition conditions. It is also known that the local order or micro-crystallinity of diamond thin films can be

changed by many orders of magnitude. What is the influence of the change in structure, morphology, and micro-

crystallinity on electronic transport properties? How are the valence band tails, conduction band tails, mid-gap

defects, capture cross-section, electron and hole drift mobilities, and lifetimes affected by the structure? 2): Effect of

Hvdr_en: Some results indicate that atomic H is responsible for preferentially etching the graphitic component and

hence annihilates energetically possible configurations other than diamond. Other evidence indicates that certain

radical bearing carbon and hydrogen are responsible for the growth of diamond. Since the temperature of the

formation is extremely high, hydrogen desorption takes place leaving behind diamond films with long range order.

The exact mechanism for the role of hydrogen in surface reconstruction is not clear at the present time. Is it bonded

both in clusters and randomly in "standard" diamond network? Information about how and where H is bonded and

how its bonding environment changes if H is substituted with F needs further studies. Research on the influence of

H on the electronic properties and effect of substitution by F needs to be systematically studied. 3). Influence of

impurities and doping efficiency: Diamond can be easily doped p-type with boron while doping n-type is subject of

active research (ref. 12 to 15). Nitrogen is a well-known deep donor in diamond, while the only confirmed shallow

n-type dopant is Li, which is believed to occupy an interstitial position and diffuses rapidly at elevated temperatures.

Is doping diamond n-type related simply to a movement of Fermi level, or is it more basic relating to bond
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Table 1: Comparison of Silicon, GaAs, and Diamond Properties + and Relative Figures of Merit.

Parameter

Band gap 1 (eV)

Hole mobility

(cm2/V-sec)

Electron

mobility

(cm2/V-sec)

Acceptor level

(eV)
Donor level

(eV)
Resistivity

(f2-cm)

Breakdown 2

field (V/cm)
Saturation 3

velocity (cm/s)

(e-electron, h-hole)
Dielectric

Constant

Thermal Conductivity

(Watt/cm-Kelvin) 4

Si GaAs SiC

1.11 1.43 2.9

1350 300

480 8000

Diamond

5.4-5.5

1200

2000

0.045(B) 0.035(Si) 0.40(B)

0.045 (P) 0.0058(Si) 1.7(N), 0.1 (Li)

105_10 -4 108_ 1016 (IIa)_10 -2

3XlO s 4XlO s 2.5X10 6 10 7

1XIO 7 1XIO 7 2.0XlO 7 (lh-2.7e)XlO 7

11.7 15.8 9.7 5.7

1.45 0.46 4.9 20.0

Comparison of Values of Figure of Merit Among Si, GaAs, SiC, GaN, & Diamond

Material Johnson Key Bali_a
Si 1 1 1

GaAs 6.9 0.45 9.5

GaN 281 1.76

SiC 695 5.12

Diamond 8206 31 357

1. High-temperature operation, blue light emission, UV detection, low leakage current devices.

2. High-power, high-density integration.

3. High-frequency operation in high electric fields.

4. High-density integration.

tDiamond Properties

Crystal structure Cubic Fd3m

Lattice Parameter 0.356725 nm

Atom Density 1.77 x 10 27 cm -3

Hardness 5700 - 10,400 Kg/mm 2

Young's modulus 10.5 x 1011 N/m 2

Anisotropy 1.21

Coefficient of thermal expansion 0.8 x 10 .6

Specific heat 6.195 J/°K.mol

Debye Temperature 1890
Refractive index 2.42

Hole effective mass 0.75

Electron effective mass 0.57
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TABLE 2 Summary of Diamond Deposition Growth Techniques

Technique Temo (°C) Pressure (torr) Flow (slm) Growth Rate (/_m/hr)
Microwave 800-1000 5-100 0.1-1 0.1-5

ECR 400-600 0.1-50 0.1-1 0.08-0.1

Hot filament 700-1000 10-100 0.1-1 1-5

DC discharge >600 5-760 0.1-1 20-250

DC arc jet 500-760 >10 100-1000
Combustion flame 800-1000 760 1-2 150

RF torch 700-1200 500-760 -10 -50-200

RF plasma 800-1000 1-30 0.1-1 0.5-3

rearrangements? An investigation to identify doping mechanism by shallow donor (< 0.5 eV) needs to be conducted.

FUTURE SCOPE OF DIAMOND BASED DEVICES

Future scope of novel electron devices based on the unique properties of diamond is currently widely

investigated. Predictions based upon their physical properties indicate that devices prepared from these materials

should perform better than currently available devices in terms of power, frequency and short wavelength

applications. Fig. 1 shows a material response chart of several commonly used semiconductors and diamond. It is

evident that optical, electrical, & mechanical characteristics of diamond are far superior to other semiconductors. A

preliminary theoretical computation employing semiconductor transport equations and specific device transfer

characteristics were conducted. A comparison of the power dissipation vs. gate propagation delay for diamond,

silicon, and gallium arsenide based devices is shown in Figure 2(a). Computations of simulated analytical

expressions indicate that diamond devices can withstand higher temperatures of operation without significant

deterioration in electrical performance as shown in Figure 2(b), as reported in literature (ref. 16 to 17) showing

ideality factor for diodes approximately equal to 1.01 even at 1000°C operation temperature. The thermal

management of electronic devices is extremely important in the design of high-speed high-density electronic circuits

especially with power devices fabricated monolithically. Thermal interaction of semiconductor devices on the

substrates as it relates to their close proximity and spacing is particularly important in microminituarized devices.

Organic materials and ceramic substrates, e.g. SiC, A1N, & BN are used in the present high density chip mounting

technology. Diamond substrates are best suited for such applications due to a thermal conductivity of 10-20 W/cm.-

K. Field effect transistors (FET) (ref. 18 to 19) prepared on diamond substrates show improved drain-to-source

current and a uniform transconductance across the substrate. Employing transport parameters of thin diamond films,

thermal models are solved using a modified version of Thermal Analysis of Multi-layer Systems (TAMS) program.

The method uses Fourier Series to solve the full 3-dimensional heat conduction equation in multi-layer structures.

Materials Response function

Transmission
Regions

E/ecMcal

Re_
AConductivh_

MechanicaJ
Hardness

Si

GaAs
Diamond

(in morons) [Ol_cal}

o.1 1.o 5.0 1o 50 10o

Dia. mondpure) (doped)

Si

GaAs

Conductivity (S/cm_ ) [Elec_ical]

le-18 le-10 le_ 1 le5 Dismonlo_

SiC

Gau_
Indentation Hardness /Mechan/ca/]

le2 le3 le4

Typical Range

Fig. 1 shows a material response chart of several commonly used semiconductors and diamond
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Figure 2(a): Gate-propagation delay vs. diamond and related wide bandgap materials based devices,
(b_: Operation characteristics of Si. GaAs. & Diamond devices.

Proof of concept field effect transistors, metal semiconductor FET (MESFET), metal undoped diamond-

semiconductor FET (MiSFET), and (MOSFET) have been reported in literature. Boron doped homo-epitaxial

diamond film grown on {100} type IIa natural diamond substrates show improved source to drain current and

transconductance at elevated temperatures.

Hybrid Microelectronics

At room temperature diamond conducts heat better than any other material. Furthermore, diamond is a good

insulating material and its thermal expansion coefficient is very close to that of the silicon and gallium arsenide.

The low dielectric constant of diamond is also extremely useful for semiconductor device applications because of

the reduced cross-talk. Therefore diamond has unrivaled properties for MEMs, heat sink, surface mounted devices,

and applications with large component density. The synthetic diamond heat sinks are made of pure high-pressure

synthesized crystals which contain controlled amount of nitrogen. The surfaces of diamond heat sinks are metalized

for brazing semiconductor chips and for mounting on copper or other metal bases. Such synthetic heat sinks are now

widely used for mounts of laser diodes or high power millimeter wave devices. Insulating or semiconducting wafers

of freestanding diamond can be used for monolithic integration of the discrete or integrated devices, millimeter wave

travelling wave amplifier, and backward wave oscillator. Hence, as a microelectronic lateral extension to

complexity, RAM on processors, system on chip, network on chip, and superchips are feasible.

Opto-electronics

Due to its chemical inertness, high mechanical strength, and high thermal conductivity, diamond can be used for

several unique applications. The ability to grow optical quality diamond on substrates has led investigations towards

the integrated opto-electronic devices, e.g. diamond window for high energy free electron laser (FEL). The use of

diamond in picosecond high-voltage electro-optic switches has recently been demonstrated (Venables, 1990).

Presence of optical centers also makes diamond a suitable candidate for light emission devices. The other related

applications include laser and X-ray windows, diamond windows for synchrotron radiation, monitoring windows for

chemical processes employing toxic and corrosive ambient. The application of diamond for photovoltaic devices and

photonic switches is a nascent area of research. Due to its large optical bandgap and spectral responsivity, it is

recommended for the first time that tandem junction photovoltaic devices with diamond as constituent layer will

produce high open circuit voltage, high responsivity, and broad spectral response. Such devices find applications

ranging from hand held calculators to residential lighting.

Other Related Applications

The velocity of sound propagating in a materials typically employed as an index for the comparison of

diaphragm materials, i.e. c - _]E/p where c is the velocity of the sound, E is the elastic modulus, and p is the density.

Hence a material with lower density and higher Young's modulus provides higher sound velocity. Diamond ranks

higher than any other substance. Hence diamond material could significantly improve the quality of sound and its

applications range from record cartridge, stylus, cantilever, and speaker diaphragm.
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Thermalapplicationsincludeheatsinkformutitudeofapplication.Afewrelevantexamplesinclude,the
heatsinkforImpactionizationavalanchetransittime(IMPATT),heatsinksformicrowavediodes,multi-chip
modules(MCM),etc.Diamondallowsimprovedpackingdensityofchipsandmodulesovercurrentaluminaand
siliconbasedsubstrates.DiamondMCMshavebeenemployedformounting2microprocessorchips,staticrandom
accessmemory,andthedataandaddressbuffersonthesamemodule.ThediamondMCMoperatesatlower
temperatureby10-15C.Basedonthepreliminarycalculationsandobservationsofloweroperatingtemperatureof
diamondbasedMCMs,it issuggestedthatasalateralextensiontomicroelectronics,RAMonprocessors,systemon
chips(SOC)andnetworkonchip,andsuperchipsarepossiblewiththediamondbasedsubstrates.Topicssuchas
stress-strainaccommodationinmultichipconfigurationandsystemtransitiontechnologyimplementationemploying
intelligentprocessconceptsandcontrolmechanismstrategiesareparticularlyimportantforlargescaleproductionof
freestandingdiamondwafers.

CONCLUSION

Innovations in VAJLSI chip architecture, by integrating diamond films is a viable direction to produce high

performance electronic devices. Despite of several advances in the diamond film deposition, a number of problems

need to be resolved for its successful application in electronic devices. The primary technical challenges are:

increasing the deposition rate; increasing the growth rate; identifying a large area heteroepitxial or homo-epitaxial

substrate for single crystal film deposition; and reducing the defects. Although several challenges still exit, the

unique properties of diamond combined with the ability to control the film through CVD makes it a promising

technology for electrical, optical, and thermal application.
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EXTENDED ABSTRACT

High quality synthetic diamonds have been grown by Microwave Plasma Enhanced Chemical Vapor Deposition

on silicon substrates using a 1% CH4 in H2 gas mixture at a temperature of 750°C. The growth time has been

chosen of about 90 hours in order to obtain a film thickness of about 60 gm.

Diamond based particle prototype were then built from the above samples. Circular Au contacts about 7 mm 2

size and 100nm thick were deposited on diamond surface by thermal evaporation. A pre-irradiation with [3 particle

(pumping) has been performed before the measurements in order to enhance the detector performance.
The detectors were tested under the flux of carbon ions at the 15 MV Tandem accelerator of Southern National

Laboratory (LNS) - Italy. In fig 1 the sketch of the set up of the experiment is reported.

ete

Faraday _, _ target /

Diambnd

Oe,eOors
pumps

L.N.S.

?_o [_andemaccelerator

Fig 1. Sketch of the experimental setup

Diamond detectors are mounted at 20 ° and 30 ° respectively from the beam, after a gold target 160 nm thick

used as scattering center. Diamond detectors outputs have been connected, trough a charge pre-amplifier and a

shaping amplifier with a shaping time of 2 Its shaping time, to multichannel analyzer. A silicon detector is also

mounted at 20 ° and the beam intensity is monitored during the acquisition trough the measure of the Faraday cup
current.

The energy of the incident particles has been varied from 20 to 90 MeV in order to change the penetration depth

of the radiation from about 8 [tm microns to more then the whole sample thickness.

The charge collection efficiency has been measured in both positive (positive bias on the irradiated side) and

negative polarization in order to selectively evaluate the electron and hole contributions to the detection mechanism.

In fig 2 the charge collection efficiency of the diamond detector under different ion energies is shown. A 120 V

bias voltage is applied.
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Atlowenergiesacompletelydifferentbehaviorcanbeobservedforthetwobiaspolarizationconditions.In
particularforpositivebiasamuchhigherefficiencyisobservedsuggestingthatthemajorcontributiontothecharge
collectionprocessisduetoholeratherthenelectrontransport.
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Fig 2. Charge collection efficiency as a function of the incident particles

When the detectors are negatively biased (holes moving towards the irradiated side electrode) the charge

collection due to the holes is limited by the presence of the contact (blocking contacts). When that the penetration of

the impinging particles tends to zero the charge collected is then due to the electron contribution only. As a

consequence, by using the Hecht theory [1], from fig 2 a very poor average drift length of electrons of the order of 3

[tm can be extrapolated. By increasing the ion energy, and thus the penetration depth, a gradual increasing of the

efficiency is observed due to the increasing of the hole contribution to the signal.

Acompletely different behavior is shown for positive bias polarity. In this case for low penetration depth a

much higher efficiency is shown indicating a much higher drift length of holes. In this case, when the ions energy is

increased a lowering of the efficiency is observed due to the generated charge approaching to the other electrode

(opposite to the irradiation side) and to the highly defective layer of diamond close to the substrate side. At about 70

MeV, corresponding to the energy needed to cross all the sample, a slight increase is observed because of the

flattening of the ionization distribution all over the sample For the same reason, at 90 MeV the device became

symmetric with the bias polarization.

The above results clearly demonstrate that hole conduction plays a dominant role in the detection process. In

addition, these behaviors are consistent with a recently proposed model [2,3] in which intra-grain defects and grain

boundaries are considered as the limiting factors in the detection mechanism.

[1] K. Hecht, Z. Phys 77 (1932) 235

[2] Marco Marinelli, E. Milani, A. Paoletti, A. Tucciarone, G. Verona Rinati, M. Angelone, M. Pillon, Appl.

Phys. Lett. 75 (1999) 3216

[3] Marco Marinelli, E. Milani, A. Paoletti, A. Tucciarone, G. Verona Rinati, M. Angelone, M. Pillon, J. Appl.

Phys.. 89 (2001) 1430
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EXTENDED ABSTRACT

The time evolution of the response of diamond particle detectors is related to the characteristics of defects

present in the detector, which rule carries dynamics because of trapping-detrapping effects. It can therefore give

valuable information on the number and depth of the defects which limit the carriers mean flee path, and the

performance of the detectors. In this paper the study of pulse-shape evolution is carried out using as a probe 5.5 MeV

a-particles impinging on detector grade CVD diamond films deposited on silicon substrates in a microwave tubular

reactor, suitably modified to improve film quality (Refs. 1 and 2). The gas mixture used is 1% cn4 in H2, resulting

in a growth rate of about 0.7 [tm/h at the deposition temperature of 750 °C. The films showed excellent crystal

quality, with very narrow diamond Raman peaks (FWHM about 2.4 cm -1) and extremely low photoluminescence

background (Ref. 2). Particle detectors were then realized by thermally evaporating a circular Au contact about

5 mm 2 in size and 100 nm thick as the top electrode, while Ag paste was used as the silicon backing contact. The

time evolution of the collected charge is measured through a digital oscilloscope, both when the detectors are in the

as-grown state and after pre-irradiation with 9°Sr 13-particles for a total dose of 3 krad, necessary to drive them in a

fully pumped state. In the following, we will report data measured on a 100 [tm thick. The average efficiency of this

film in the pumped state is about 40% under an electric field of 10 kV/cm, corresponding to an average CCD of

about 85 gm.

It is found that the pulse amplitude and shape depend on the field polarity and is dramatically affected by

pumping. In the as-grown state similar amplitudes are observed for positive and negative polarity, and the saturation

value is immediately reached, the collected charge being constant after the 10 ns rise time of the digital oscilloscope.

This implies that once trapped by a defect, electrons and holes are not thermally detrapped, so that the defects

limiting the detector's response in the as-grown state are identified as deep ones. The density of these trapping

centers is such that the CCD is about 12 [tm (Ref. 3). No significant difference could be observed between positive

and negative polarity, even if electrons and holes should have different mean flee paths, because CCD (and therefore

both electron and hole mean flee paths) is lower than the penetration depth G=15 [tm of 5.5 MeV a-particles in

diamond, so that the growth surface boundary plays a very limited role while, being the film thickness much higher

than the CCD the substrate interface boundary plays no role at all. In principle only one kind of traps for electrons

and holes is necessary to explain the behavior in the as-grown state.

In the pumped state no significant change occurs in the case of negative polarity with respect to the unpumped

state. For positive field polarity, however, the amplitude of the pulses is greatly enhanced, reflecting the large

increase in efficiency due to pumping, and breaking the symmetry between positive and negative polarity. It seems

that pumping leads to a much higher mean free path for holes than in the as grown state, while the electron mean flee

path is not strongly affected. Thus, in the case of positive polarity holes are now substantially free to move along the

100 [tm film thickness towards the substrate interface, while for negative polarity they are collected at the upper

electrode after having traveled at most a distance G = 15 [tm. Also, a significant slow component develops, meaning

that another kind of defect becomes important for positive polarity after pumping, namely a relatively shallow trap

for holes, allowing detrapping.

The simplest picture compatible with all experimental facts is as follows. In the pumped state the mean flee

path of holes is greatly enhanced, because pumping saturates most of the deep defects responsible for hole trapping

without detrapping. Thus, shallower defects existing in a lower concentration than saturated, deeper ones, now

become important. Since they allow detrapping, they do not limit the overall amplitude of the pulse, but slow down

the process of charge collection. For negative polarity, the limited changes in the pulse amplitude and shape with
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respectto theas-grownstateshowthatnosignificantsaturationofelectrontrapsoccurs.Holesarein principle
substantiallyfreetomove,butsince5.5MeVa-particlesionizeonlywithintheirpenetrationdepthG= 15 gm from

the detectors' surface (much less than the hole mean flee path), holes can move only a few microns before being

collected at the upper electrode. They therefore cannot give a great contribution to charge collection, nor can be

trapped and detrapped since their mean free path is now much higher than the real path to the electrode. Therefore the

slow component substantially does not show up, and at the same time the fast one does not increase significantly

with respect to the as-grown case. In conclusion, qualitative analysis of pulse-shapes show that both deep and

shallow defects exist for holes, while only deep ones are present for electrons.
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Fig.l: Comparison of measured pulses with the simulation for positive polarity for both the as-grown

(lower curve) and pumped states (upper curve).

On these grounds we developed a computer simulation to describe trapping-detrapping processes in the

framework of the trapping-detrapping model originally applied to Si-based detectors (Refs. 4 and 5). The simulated

pulse-shapes agree very well with experiment (Fig. 1) with very reasonable values of the physical parameters

involved, making this technique helpful for studying and identifying defects which are responsible for limitation of

the efficiency of CVD diamond particle detectors.

To better clarify this phenomenon, the changes in the pulse shapes are analyzed when the working

temperature of the detector is varied from 40 °C to 120 °C. A systematic speed-up of the response is found with

increasing temperature, confirming that the slow component is due to thermally activated detrapping from relatively

shallow defects. Since the detrapping time ZD is connected to the activation energy of the defects through the formula

1/z p= s exp(-ED/kT)

where s is the attempt frequency, plotting ln(ZD) VS. T allows to determine the activation energy of shallow

(detrapping) defects. In our case this activation energy is about 0.3 eV.

Keywords: defects, detectors, pumping, CVD

REFERENCES

1) M. Marinelli et al., Appl. Phys. Lett. 75, 3216 (1999)

2) M. Marinelli et al., Proc. of the ADC/FCT Conference, Tsukuba, Japan, August 31-September 3, (1999) 154

3) M. Marinelli et al., J. Appl. Phys. 89, 1430 (2001)

4) K. Zanio, W. Akutagawa and J.W. Mayer, Appl. Phys. Lett. 11, 5 (1967)

5) M. Martini and T.A. McMath, NIM 79, 259(1970)

Corresponding author:
Enrico Milani

Universitfi di Roma "Tor Vergata", Fac. Ingegneria, Dip. STFE

Via di Tor Vergata, 1-00133 Roma, Italy

Fax: +39-06-72597145; Tel: +39-06-72597228; e-Mail: milani@ing.uniroma2.it

NASA/CP--2001-210948 81 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

ON THE FABRICATION AND BEHAVIOR OF

DIAMOND MICROELECTROMECHANICAL SENSORS (DMEMS)

K. Holmes, J.L. Davidson, W.P. Kang, M. Howell

Dept. of Electrical and Computer Engineering

Vanderbilt University School of Engineering, Box 99-B, Nashville, TN 37235

ABSTRACT

CVD (chemically vapor deposited) diamond films can be processed similar to "conventional"
semiconductor device fabrication and as such can be used to achieve microelectromechanical structures

(MEMS) also similar to, for example, silicon technology. Very small cantilever beams, membranes,

stripes, tips, etc. can be constructed in doped and undoped diamond films and offer an array of choices in

diamond with its known superior properties such as elastic modulus, high temperature semiconduction,

high thermal conductivity, very low coefficient of expansion and numerous other diamond parameters.

This paper will review the construction and behavior of the second generation DMEMS devices comprised

as an accelerometer with a diamond diaphragm for use in very high G applications and a diamond pressure

sensor for very high temperature and frequency response.

Keywords: diamond, MEMS, sensors

INTRODUCTION

DMEMS derive response from the piezoresistive (PZR) property of doped diamond [ref. 1 to 3].

There are two main components to a DMEMS: a structural member (membrane) and a set ofpiezoresistors.

For these devices, both components are fabricated of diamond. The design principle achieves a membrane

of intrinsic (undoped) diamond which will be strained, for example by pressure or acceleration and thereby

strain the PZRs patterned on the membrane. The operation of these type DMEMS is based on the principle

that there is a thin diamond diaphragm (or membrane) on which doped diamond resistors are made. When

the diaphragm is flexed (pressure or acceleration), the resistors undergo a change in resistance in response

to the strain resulting from the applied stress. The change in resistance from an electric bridge

configuration provides a corresponding voltage change which is modeled and calibrated to measure

pressure or acceleration.

DESIGN

The intended applications for the DPS (diamond pressure sensor) and the DAS (diamond

acceleration sensor) dictate different design considerations as summarized in Table 1.0. Additionally, state

of the art manufacturing techniques impose conditions on the size of sensor components to achieve certain

functions. For instance, high sensitivity for the DPS at the design pressure is at odds with the response

frequency restraint, placing a burden on priorities for the sensor designer. The principle difference between

the pressure sensor and the accelerometer is the intended natural frequency. The DPS is designed for ultra-

high frequency response and high temperature environments, that is, the pressure sensor application

requires a high natural frequency which strongly influences its membrane dimension requirements.

Additionally the operating temperature requirement for the pressure sensor is substantially higher than the

accelerometer, requiring the starting resistance to be higher. The DAS is designed to provide high

frequency information, have a wide dynamic range, high resolution, and demonstrate increased

survivability. The lower natural frequency for the accelerometer allows larger dimensions.

The design of the DPS/DAS requires the definition of three primary response variables:

frequency, deformation, and stress. Frequency is independent of deformation and stress, while deformation

and stress are related. Pressure and acceleration produce deformation which results in stress. The ultimate

capability, and therefore maximum sensitivity of the sensors (DPS and DAS), is dependent on the failure

stress levels for the diamond diaphragm. The primary variables involved in assessment of response for

design considerations are provided in Table 2.0.
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DPS DAS

Input Signal Magnitude < 0.2 psi < 100kG's

Input Signal Max. 70 kHz 15 kHz

Frequency

Operating Temperature < 680°C 27°C

Sensor Response 210kHz 45kHz

Frequency

Sensor Geometry
- Thickness

(Manufacturing Limit)

- Diaphragm Diameter

(Functional Limit)
- Sensor Diameter

(Functional Limit)

>l.0_t

<1.5 mm

<2.5 mm

>l.0_t

N.A.

N.A.

Table 1.0 Design Information

Response Quantity Primary Variables

Frequency

Deformation

Mass Density of Diaphragm
Proof Mass

Modulus of Elasticity

Thickness of Diaphragm

Diameter of Diaphragm

Force (Pressure/Acceleration)
Proof Mass

Modulus of Elasticity

Thickness of Diaphragm

Diameter of Diaphragm

Stress Deformation

Failure Stress

Table 2.0 DMEMS Response Variable Considerations
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Initial failure stress data was obtained from pressure burst tests on eight diaphragm test samples

which had resonant frequencies in the 1-5 kHz range. These samples exhibited a significant amount of

geometric non-linear response in analytical evaluations. Using linear analysis techniques, the diamond

failure stress was predicted from the rupture pressure to be in the 1-5 million psi range. However, using

non-linear methods on the same data, the average failure stress calculated for eight samples was 1.23x105

psi. Five additional samples, with significant empirical non-linear pressure response behavior due to slight

modifications in the fabrication process, produced an average failure stress of 1.41x105 psi. Other

published data [ref. 4], for twelve samples with diamond diaphragms possessing linear behavior under burst

pressures, indicated a failure stress of 1.45x105 psi. Natural diamond was reported to have a measured

tensile strength of 0.5x106 psi and a theoretical tensile strength of 16x106 psi [ref. 5]. Documented tests [5]

indicate tensile strength values as high as 3xl 06 psi, but these may be erroneous due to non-linear behavior

that was not included. Additional studies to provide failure stress data for parametric evaluations of

fabrication and material process variables to characterize and optimize diamond failure stress

configurations are the subject of a future paper. Presentations of the calculated failure stress for several

geometries can be seen in Figure 1. The stresses are shown as a function of (thickness/radius) 2, the linear

stress variation parameter for plates in bending.

T able 1.0 indicate s intended re sp onse frequency o f 210kHz for the DP S and 45 kHz for the DAS.

The range of thickness/radius combinations as determined from linear procedures that can provide these

frequencies is indicated in Figure 2. The presented frequencies were determined from linear procedures.

Diaphragms responding in a non-linear fashion would have an instantaneous frequency higher than the

linear frequencies presented. Required sensor size and fabrication capabilities restrict the acceptability

limits of both sensor diaphragm thickness and radius.

Proof masses at the center of a diaphragm could be added to enhance the output signal of

accelerometer components but are not considered here. The centerline deformation of the diaphragm in a

DPS or DAS is a function of the applied force which may be generated from either pressure or acceleration.

Figure 3 plots the relative equivalency of a pressure and an acceleration for a reference diaphragm. The

transient deformation at 100,000 g's is the same as that for a transient pressure of approximately 11 psi for

this case. A parametric series of calculations provided an accelerometer design which required no proof

mass to meet the stress and frequency goals for the DAS. The selected design has a thickness of 23.0

microns and a radius of 2.0mm.

The distribution of strains in the radial and tangential direction for a DPS/DAS configuration is

presented in Figure 4. The normalized strains in this figure are for linear bending only. Nonlinear

membrane actions tend to increase the strains at the center of the plate in proportion to the strains at the

outer boundary. When high frequency responses are required, the nonlinear response associated with

membrane behavior all but disappears so that the strain distributions of Figure 4 are very representative of

the anticipated strains for the specimen.

Using a design stress of 100,000 psi and a modulus of elasticity [ref. 6]of 165 x 106 psi, one

arrives at a design strain of aMax 100,000/165 X 106 0.64 X 10 -3 in/in. Therefore, for linear bending, the

strain at the boundary of the specimen is 0.64 millistrain. Since piezoresistive components will be used to

measure strains in the diaphragm specimens, the required length of the resistance elements plays a

significant role in determining the optimum location for measuring strains. Examining Figure 4 indicates

that if the required length of the elements is more than 20% of the radius, gages at the center of the

specimens may be more effective. If less than 20% of the radius is sufficient, a radial strain measuring

element near the boundary of the membrane is more sensitive.

LAYOUT: Applying the ground rules derived from this modeling, the layout and dimensions of

the diaphragm and resistors were determined. Both the DPS and DAS show the greatest change in strain

within 20% of the edge of the membrane for resistor elements orientated along the radii. Single sensor

description: insertion criteria for the pressure sensor require a die size of less than 2.5 mm in diameter. To

achieve appropriate sensor response frequencies the membrane diameter is 1.5mm. The dimensions for the

resistive elements are aimed at achieving a 1000 ohm bridge at 680°C. On and off membrane resistors are

matched in area with equivalent sheet resistance. Resistors with 3, 6, 12, and 18 squares were designed for

multiple sensor configurations. The individual sensor die uses a 3 square resistor configuration. Based

upon membrane edge proximity requirements, the maximum length of the active resistor is 150 microns.

The minimum width for each resistor is 50 microns. The 3 square configuration consists of two resistors

each 150 microns by 50 microns. The 50 microns critical dimension (width) was used for both the DPS
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andtheDASto standardizethedesign.Theaccelerometerdidnotrequirethesizerestrictionsofthe
pressuresensorandthuswillhavelargermembranedimensions.

Figure5isthelayoutofatypicalDMEMSdevice.Numerousconfigurationswerecreated.Note
thecomparisoninFigure6tothefirstgenerationDMEMSdeviceandthesizereduction

RESULTS
FabricationofcompleteDPSandDASdevicesproceededthroughthewaferlevel.Thecritical

processesofmembraneformation,PZRdelineation,metallizationdepositionandinterconnectpatterning
wereexecuted.Themetallizationutilizedwassequentiallylayeredtitanium/gold,ametalinterconnect
systemalsousedbyothers[ref.7]fordiamondcontactandhightemperaturemetallization.

Figure7isanopticalmicroscopepictureof10undiceddevices,onaportionofoneofthewafers.
Thegrayhighlightedareaisenlarged,Figure8,showingtheresistorsandtheTi/Auinterconnectdetail.
ThecurrentvoltageresponseofexampleintegratedPZRresistorsisshowninFigure9.

ThebasicfabricationschemaoftheDMEMSandthemonolithicdiamondresistorPZRelement
hasbeendescribedpreviously[ref.8]. Thediamondresistorsondiamondsubstrates,achievedfrom
delineatingap-diamondlayeronanundopeddiamondlayersubstrateknowntohaveresistivity> 1013
ohm-cm(25°C),wereelectricallycharacterized.Thismonolithic[resistorandinsulating/isolatingsubstrate
arethesamematerialandlayeredsequentially]diamondcomponentisusefulforsensorandruggedresistor
applications.Usinga directetchprocessdescribedelsewhere,patterneddopeddiamondresistorswere
fabricatedonundoped,insulativediamond.Interconnectmetallization,waslayeredTi/Au,sequentially
sputtered.Favorablylowcontactresistancetothep-diamondisachievedwith this configuration. Sensors

could be "diced" from the wafers, packaged and wire bonded, see Figure 10.

Essential to obtaining this resistor construct is achieving complete delineation and electrical

isolation of the body of the p-diamond resistor. Figure 11 shows the current-voltage behavior of a typical

monolithic resistor and the "open" between resistors on a common i-diamond substrate. This isolation has
o

been observed previously to be retained to temperatures over 300 C [ref. 9]. Figure 12 plots the current-

voltage behavior to high loads of a monolithic p-D on i-D resistor. The resistance at nominal load is 60

Kohm, resistivity 6 ohm-cm. Above 300V the current becomes non-linear, similar to the thermal runaway

behavior of the resistors on ceramic. This resistor failed at 340V carrying 12.8 mA, a power density

(surface area) of - 3 MW/cm 2.

"In situ" pressure application (room temperature) of individual "diced" devices under active

electrical probe indicated the PZR bridge was responding to the pressure differential, providing a dV(dP)

output. Typical results are shown in Figure 13 indicating excellent linearity over a wide range of strain.

Detailed gauge factor evaluation and temperature characteristics will be the subject of a subsequent paper.
SUMMARY

Processes and procedures to take CVD diamond processing into a sensor device design and

fabrication project for practical applications and conventional form fit and function configuration have been

described. It is clearly illustrated that existing technology presently available to the silicon industry can be

directly applied to diamond films with predictable and deployable results for advanced rugged diamond

devices with unprecedented performance envelopes.
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Figure 7. Optical microscope picture (- 10X) of 10 undiced devices, from a portion of wafer

Figure 8. SEM enlargement of

area identified in Figure 7

showing the resistors and the
Ti/Au interconnect detail
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ABSTRACT

Although CVD diamond possesses many characteristics making it attractive for microsystems, it is still a rather

exceptional MEMS material and has not yet entered into main stream applications. Three examples are given, which

may illustrate how the advantages of this new material can be exploited more aggressively for applications in
microdevices.

INTRODUCTION

Diamond possesses many characteristics making it attractive for microsystems. Especially intriguing is the

combination of its exceptional mechanical, chemical and thermal properties with its wide bandgap semiconductor

characteristics. Although electronic active doping is still restricted to boron, producing p-type conduction only, it

allows to tailor the conductivity from insulating to metal-like. Therefore, diamond can be implemented as multi-

functional material including actuator and sensor functions. However, these properties apply to monocrystalline

material, which is not available on the waferscale. Therefore deposition of CVD diamond films on foreign substrates

has been investigated intensively during the last two decades, with deposition on silicon resulting in "electronic

grade" films. Three routes have been followed: the deposition of polycrystalline films with random orientation (ref.

1), the deposition of highly oriented films on (100) oriented Si-substrates (ref. 2), and the deposition of films

composed of nano-sized crystals using a high secondary nucleation rate during growth (ref. 3). Techniques used

were MPCVD (refs. 2,4), HFCVD (ref. 3) and the combination of both (ref. 5). Whereas nano-diamond films are

highly conformal with a surface roughness in the nm scale, HOD films are textured with planar oriented islands,

which have partially grown together. Thus, the residual surface roughness allows high resolution lithography to be

employed on as-grown films (ref. 6). To obtain planar surfaces on randomly oriented films these films are frequently

polished.

The various routes in the materials development indicate already the attempt for an optimization for a specific

field of application:

- Randomly oriented films of high phase purity and quality have been used for heat sinks (ref. 7), optical and

microwave windows (ref. 8), and lenses (ref. 9). Other examples pointing already in the direction of microsystems

are DUV, X-ray and particle detectors (refs. 10,11), pressure sensors (ref. 12), gas sensors (ref. 13), flow sensors

(ref. 14) and SAW devices (ref. 15).

- Nanocrystalline films have been used for conformal coatings using molding techniques like in the case of STM tips

(ref. 16), field emitter (ref. 17), capillary wall systems (ref. 18) and electrochemical electrodes (ref. 19).

- Highly oriented films have first been introduced as base technology for Diamond MEMS at the European 1998

Diamond conference (ref. 2). The emphasis was on the demonstration of near ideal materials properties by these

films, the implementation into the device design rules and the development of generic fabrication steps. Initial test

structures were diamond membranes, patterned cantilevers and resistors with high temperature stable contacts.

TECHNOLOGICAL BASIS

The basis of the HOD process is a three step growth process with a nucleation step including bias enhanced

nucleation (refs. 20 to 22), a first outgrowth step to create a (100)-oriented top of the individual crystallites using _-

parameter engineering (ref. 23) and a second outgrowth step, resulting in the overgrowth of misoriented crystals and
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thecoalescenceoftheindividualplatelets.Thegrowthprocedureshavebeenoptimizedcontinuouslyandhave
resultedinthefollowingdataforfilmsofthicknessesrangingfromapprox.10to30gm:Fracturestrengthofupto
4.7GPa,Young'sModulusofapprox.850GPa,surfaceroughnesssmallerthan200nmrmsandanopticalbandgap
of5.4eV.Stresshasbeencontrolledandbalancedbyspecificdesignoftheprocessflow(ref.24)andcanactually
beusedinthedesignofcurvedcantileverstructures.

As-grownfilmsarehighlyresistive,butcanbedopedwithNorB.Boronacceptordopingisusedforcontacts,
piezoresistorandthermistoractivechannels;nitrogen,a 1.7eVdeepelectricallynotactivateddonor,isusedto
compensateresidualacceptordoping,tomovetheFermi-leveltowardsmidgapandto isolateconductivesurface
channelsfrombufferlayerleakage.Surfaceterminationwithoxygenorhydrogenisusedforelectrochemical
electrodes,whichmaybecomeanimportantaspectinfuturebio-chemicalmicrosystems(ref.25).

Forpatterningselectiveepitaxyordryetchingprocedureshavebeendevelopedandareusedinthevarious
technologies(refs.2,26).DiamondmembranesonSiareeasilyrealizedusingstandardSi-etchingprocesses,which
areselectivetotheSi-diamondinterfaceandarethebasisfordiamondbulkmachinedMEMSdeviceslikepressure
sensors.

Extendingthetechnologytosurfacemachineddevicesseveraladditionalstepsareneeded,suchasasacrificial
layertechnologyforfreestandingstructureslikebridges.Commonlyusedassacrificiallayer(servingatthesame
timeasnucleationlayerforatopdiamondoverlayer)iswetetchedSiO2(ref.26).

TECHNOLOGY-APPLICATION MATRIX

The matrix of verified materials data and developed fabrication steps is the design basis to project the

performance of diamond microdevices. Using HOD films the new technology competes with other

microtechnologies on Si using metal alloys, SiC or dielectric surface films. The implementation of diamond is

advantageous in two areas. First, the outstanding mechanical and thermal materials properties allow design for

heavy duty and extreme conditions. Secondly, the multi-functional property allows an essential reduction in

technological complexity. Especially the second feature allows to design microstructures with low complexity

avoiding heterogeneous layer stacks. This enhances reliability under high mechanical and thermal static and

dynamic stresses.

Aiming at the development of a MEMS component, besides these technological considerations, it is important

to identify the perspective for the future product. Where can diamond be technologically advantageous and enabling

and where can the new product be placed ? Four scenarios are common as sketched in fig.1.

Existing Technology

Existing Market

New Technology

Existing Market

Existing Technology

New Market

New Technology

New Market

Figure 1. Technology-Market Matrix

In the case considered here a new technology has been developed and the two lower options apply:

(1), the new technology allows to improve performance in an existing market, and

(2), there is a new technology for a new market, which both still need to be developed.

Clearly the first configuration offers the possibility of fast acceptance by a broad community, but may result

only in a short term advantage, since the competing technologies also advance. In the second case the enabling

nature of the new technology is decisive and the new idea may be able to dominate with its own rules a just

emerging systems environment.

Reviewing the progress in diamond technology, it is obvious that it is moving from a materials technology

towards a device technology due to progress in synthesis and deposition of thin films on foreign substrates.

Demonstrators published therefore try to show the advantages of this new material applied to classical structures.

Therefore they fall into the first category and have to compete with traditional Si based MEMS technologies,

however lacking the perspective of integration with Si based electronics. Despite its semiconducting properties
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diamondisnotanelectronicsmaterialyetandapplicationsarestilllimitedtodiscretecomponentswithlow
electronicfunctionality.ApplicationsoutsidethereachofSiarethereforeessential,butnoteasilyfound.

In thefollowingthreeexamplesarediscussed,whichhaveemergedfromfirstgenerationexperimental
structuresinourlaboratory.

DIAMOND SURGICAL MICROTOOLS

The development of CVD diamond surgical microtools falls into the first category of the development of a new

product. Natural diamond blades for ophaltmology and neural surgery are well established products in a prime

market place. Additionally the advantages of a diamond cutting edge over the metal counterpart, namely sharpness

and durability, are well known to the surgeon. On the other hand, in the case of the blade cut out of a natural stone,

the shapes are restricted to certain facets, the size is limited by the handling during manual production and the cost is

determined by the individual cutting and polishing process. In case these restrictions can be removed by a CVD

diamond blade fabricated by a microtechnology as described above, but with equal or better performance as

compared to the traditional product, it may be readily accepted. Fig.2 a,b shows by comparison a traditional natural

diamond knife, where the round cutting edge is approximated by 10 facetted cuts and a CVD diamond blade with a

freely designed contour. Furthermore, the force free plasma process used for polishing allows to realize microblades

not possible with splinters as shown in fig.3, the world smallest diamond blade as listed in the 2001 Guinness Book

of Records (ref. 27). Clearly these examples show that a new technology should be able to penetrate an existing

market. However, the traditional product is a macroscopic device using natural stones. The step towards a

microdevice based on a microsystems technology is large. The capabilities of this new technology and the resulting

product advantages are not transparent to the user. Thus, the gap between R&D, which is costly, and the product,

which is accepted by the market, is also large. But the new technology may allow to enable a new class of devices.

_..._...:`;ii_i_iiiiiiiiiiiiiiiiiiiiiiiiiii!iiiiiiiiiiiiiiiii!i!N;i_iii_._:
_, ._:.:.:+:+.+:+:+: : :: : : : :+: : • : ::,:_:.: "..::.:.:..:.j
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Figure 2. Diamond surgical blades. Left: hand polished blade of natural stone;

right: blade made of CVD diamond patterned by plasma polishing.

Figure 3. Smallest diamond scalpel made of CVD diamond.
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Besidesminiaturization,increasedcomplexityandfunctionalityisthesecondgoalforfutureexpansionfrom
theexistingtechnology.InthecaseoftheCVDdiamondbladethisis theintegrationof activeelementsand
integratedsensors.Usingthemicroheatertechnologybasedonborondopedresistorstructures,suchabladewith
integratedheaterelementandthermistortemperaturecontrolelementisshownin fig.4.Duetothehighthermal
conductivityandlowheatcapacity,thetemperaturedistributionacrossthesurfaceofthebladeishighlyuniform
(seefig.5)andexactlyadjustablewithfastdynamicresponse.Nowtheknifecanalsobeusedinthesurgeryofsoft
tissuewithhighbloodvesselcontent,closingthebloodvesselsalreadyduringcuttingor to suppresssudden
bleedingveryuniformly.

,_."

Figure4.DiamondCVD blade with integrated heater and temperature sensor.

The center structure is the temperature sensor, the surrounding geometry is the heater.

Figure 5. IR temperature profile over blade surface as shown in fig. 4.

The center blade temperature is 105°C. The blade is mounted into a holder attached on the left side.

This example shows, that embarking from a very conservative concept based on the mechanical materials

properties of CVD diamond, to replace an existing product in an established market, the new microtechnology adds

a new dimension in functionality. It is now enabling the development of a new field of microsurgery tools, which

may already be considered the first step towards higher integrated microsystems, which could not be realized before.

DIAMOND MICROSWITCH

This device may also serve as an example for the first category, where a new technology promises to extend an

established field. In the case of the microrelay, this represents a classical structure. Switches are an important part of

any electric and electronic system. Traditionally they have been electro-mechanical, but have been widely

substituted by solid state diodes and transistor control devices. However at microwave frequencies high power is

still generated by microwave tubes and needs to be controlled by mechanical high speed / high power switches,

which are mainly electrostatically driven. In a 50 _ waveguide environment high voltages and high RF currents

need to be switched with transients in the ps-regime. These extreme requirements can only be met with a complex

combination of high performance materials, centering around ceramics and refractory metals. This makes

miniaturization difficult. In contrast, diamond can combine both properties, being highly insulating and metal like
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dependingondoping.Fromthefirstgenerationofexperimentaldiamondrelaystructures,thefollowingadvantages
canbelisted:

allessentialpartscanberealizedbyCVDdiamondalone
thehighthermalconductivityofthecantileverallowstotoleratehighthermallosses
thebeamwillnotlooseelasticityunderhightemperature/ high stress operation

during high current surge, the contact surface will not corrode and will not form an insulating (oxide) compound

the use of diamond results in high switching speed and a high resonance frequency due to its high Young's

Modulus and low mass density.

Based on these properties a microwave power relay structure in co-planar arrangement was designed and

fabricated as shown in fig.6. In this design the powered electrode is the center line with the two adjacent lateral

groundplanes to the right and left. Most microwave relay concepts are based on electrostatically switched capacitors

and are thus not DC-coupled and have high attenuation at MHz-frequencies. This new design based on CVD-

diamond will allow DC coupling. In this co-planar arrangement (see fig.6) the center beam needs to be insulated

from the right and left side ground planes with no losses at microwave frequencies. Here, undoped diamond is ideal

as can also be seen from the use as microwave window (ref. 8). The two electrostatic switching capacitors are

located above the right and left ground planes and when activated, do not interfere with the microwave signal on the

centerline. In addition, the "open" capacitance needs to be small for high frequency isolation; therefore the

cantilever is bent upwards using a built-in stress profile.

,,....,....,,....•.............*....._...,..,.-. ,,_....,..,...,.............:1"_._....,.............,,'..
%'.:e:o:o:°%%:o:o :.- %_ -°:.%%_°°o%%°.'," ° • aw °°°_l_,°," "m%a_•• o, oO_Oo-°o.-.'. _,,._,_ ...,. _,,......... , ,_" ,,,,o ,..o_-, _.,

:':':'::N':'..Nt ::_:::.:._.:.
:::::::::::::::::::::::::::::::::::::::::::::::: :i:_.:.Ni:i:i_..x.."

, ._.,,,. -,.1.,

N•e,_.e,,,'.-._..,,.. ,',,...... g.'.'.',:_ ,....'...._'X.'.'.'.""-'-"-',
_=_.,,_:g_,_;-::..W_:.._.,.:...:..-:.:.:.:.._ X.:.:.:.:....o -'-g;+_.:.:.:-_ ",:::.

Figure 6. Diamond microwave switch in co-planar arrangement.

The RF groundplanes represent also the switching capacitor driving plates.

Fig.7 shows the simulation of the temperature distribution on the switch for a total power loss of 50W, which

represents a contact current density of 2"106 A/cm 2 across the contact. In this simulation is assumed that the device

will operate in vacuum at a maximum temperature of 600°C.
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,:.:.:.:.:.. 84
L.:.;.;.;.;:

150

_; 213

278

342

407

471

1_ 535

600

Figure 7. Simulated temperature distribution of microwave power switch (current density 2"10 6 A/cm _)
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DIAMOND INK JET

This application concerns a new emerging field in biochemical engineering, where new products are

developed, reaching from highly professional to highly commercial. Microsystems, commonly labeled as "biochip"

or "lab on a chip" play an important part. Here, many established and new technologies compete based on polymers,

glass and Si. Common are arrays of reaction compartments for separation, synthesis, amplification, analysis etc. and

pumps and capillary systems to distribute the biochemical liquids. Most technologies do not combine the chemical

reaction substrate with mechanical, thermal, optical or electronic functions on a single chip yet, but are based on

hybrid integration concepts. For an integrated system the liquid biochemical environment is a new medium and all

components need to be compatible with this medium. In this respect diamond is an ideal material, being chemically

stable and inert with a large window for water hydrolysis (ref. 28). It is therefore able to be used in passive and

active functions, while being in direct contact with the liquids.

iiiiiiiiiiiiiii iiiiiiiiiiiiiiiii!iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii iii!!i!i!i!iii iii  ................ .::.:.

!iiiiiiiiiiiiiiiiiiiiiiiiiii    

Figure 8. Diamond inkjet array with 10 ejector elements and connector leads, and detailed top view of an

individual double inkjet element through the diamond nozzle plate.

Liquids are supplied to the inkjet cavities from the right and left through short capillaries. The gray circles
represent the ejection holes in the nozzle plate.

The first structure designed for use in this environment was the thermal inkjet using a diamond heater (ref.

29). Here again diamond is incorporated as multi-functional material resulting in reliable operation even under

heavy overload (ref. 30). Based on the experience with water, aggressive acids, basic solutions and solvents, a

chemical microreactor array with 2 inkjets in each reaction chamber was designed for the custom designed synthesis

of oligonucleotides, (which are a fraction of a DNA chain) (see fig.8). The diamond inkjets serve as pl-dispenser of

an acidic and basic solution needed in the chemically controlled synthesis reaction in a small reaction compartment

(ref. 31). Fig.9 shows such an inkjet array mounted into a dispenser unit.

4:: :::.. ..: "'.
.........
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::::::::::::::::::::::::::::::::::::::::::::::::::::::::: iiiii 
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Figure 9. Mounted module of inkjet array on a 2" diameter Si-wafer. The two liquids are supplied through

the tube connectors on the right and left side. The printed circuit board wiring connects each inkjet element

electrically. The inkjet array is located on the rectangular diamond chip in the center.
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Thisapplicationisagainanapplication,whichmayalsobeobtainedbyaconventionalSi-inkjettechnology,
butneedsspecialadaptationin respecttotheliquidsused.Thediamondinkjetdispensercanoperateintheentire
waterbasedpH-rangefrompH-1topH-14withoutcorrosionandhasbeenoperatedinavarietyofsolventsaswell.
Therefore,adaptationwasstraightfotward.Inthefuture,systemsofmuchhighercomplexityareneededcontaining
furtherchemicalprocessingsteps,processcontrolandreadout.In addition,besidesthesynthesisofmoleculesas
describedabove,thedetectionandisolationofbio-moleculesisofequalimportance.Againherediamondwillbe
advantageouswhenusedastrulyinertelectrodematerial.

CONCLUSIONAND OUTLOOK

CVD diamond is moving from a materials technology towards a device and component technology. It is a wide

bandgap semiconductor material combining many aspects of ceramics (hardness, thermal stability) with those of

electronically doped semiconductors. Demonstrators published therefore try to show the advantages of this new

material applied to classical device structures. At present wafer scale diamond films for microsystems devices are

still polycrystalline and different routes are followed, namely deposition as nano-diamond or HOD films. Attempts

to realize large area monocrystalline substrates are underway in several laboratories (refs. 32,33) are however not

yet technically relevant. Each of the approaches will target different areas of application. In this contribution the

focus is on devices developed using HOD films on Si. Three examples are discussed, which may show the spectrum

ranging from basic development to product development.

Especially the third example illustrates, that new fields of application can be found and targeted.

Concerning systems integration, the combination with electronic circuits is essential and thus integration with

Si-electronics on the Si-substrate. This has not been demonstrated yet. However, recent developments in

optoelectronic integration and vertical wafer scale integration indicate that also hybrid wafer integration may

become a interesting solution, especially since it allows to optimize each wafer level in respect to its device needs.
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ABSTRACT

The excellent mechanical, electrical, thermal, and chemical properties of diamond make it a candidate material

for microsensors and microstructures to be used in microelectromechanical systems (MEMS). There is, therefore, a

growing interest in utilizing chemical-vapor-deposited (CVD) diamond thin film as a material in MEMS, and a

variety of micromachining techniques for diamond thin film have been developed. This paper reviews these

micromachining techniques for the fabrication of diamond MEMS devices. These techniques include the patterning

of diamond thin film by selective deposition or dry etching, surface micromachining technique for the fabrication of

movable microstructures, a silicon mold technique for the fabrication of three-dimensional microstructures, a

bonding technique for assembly, and other techniques required, such as polishing and planarizing, heteroepitaxial or

textured growth, and low temperature growth, in order to fully exploit diamond MEMS. In addition, the application

of micromachining techniques to the construction of some chosen diamond MEMS devices is also illustrated; these

include a diamond microgripper driven by an electrostatic comb actuator, a semiconductive diamond tip for a

scanning tunneling microscope (STM) as well as a machining tool, and a diamond probe for an atomic force

microscope (AFM).

Keywords: CVD diamond, micromachining, MEMS, microstructures, microsensors

INTRODUCTION

There is currently a great deal of interest in the development of microelectromechanical systems (MEMS) where

miniaturized mechanical components are integrated with integrated circuits (IC) on the same silicon (Si) chip. Many

kinds of mechanical microsensors (such as pressure sensors and acceleration sensors) (ref. 1) and microfluidic

devices (such as micropumps and microvalves) (ref. 2) have been developed. These mainly use Si or its compounds,

such as SiO2 and Si3N4. This is because the micromachinlng technologies for the fabrication of such MEMS devices

are based on IC technology. However, for certain applications, the performance of such fabricated microstructures,

including microsensors and microactuators, is limited by the materials used. Therefore, new materials are required if

the range of applications for MEMS is to be extended.

The excellent electrical, thermal, and chemical properties of diamond make it an ideal material for microsensors,

particularly for applications under conditions characterized by high temperatures and in chemically and radioactively

harsh environments. Thermistors (refs. 3 5), pressure sensors (refs. 6 8), acceleration sensors (refs. 9, 10), flow

sensors (ref. 9), chemical gas sensors (ref. 11), and radiation detectors (ref. 12) are all examples of such diamond

microsensors. In addition, it is believed that the mechanical properties of diamond, such as its singular hardness, high

wear resistance and low friction coefficient, offer great potential for its use in movable microstructures such as

rotating micromotors or microgears, and microstructures that have to come into contact with other materials. There

is, therefore, a growing interest in utilizing CVD diamond thin film as a material in MEMS. A variety of

micromachinlng techniques for diamond thin film have been developed in order to realize the diamond

microstructures required for such applications (ref. 13).

This paper reviews a number of micromachinlng techniques including the patterning of diamond thin film,

sacrificial layer etching for the fabrication of movable microstructures to be released from a substrate, a molding

technique for the fabrication of three-dimensional microstructures, and a bonding technique for assembly. In addition,

other techniques necessary to fully realize diamond MEMS, such as polishing and planarizing, heteroepitaxial or

textured growth, and low temperature growth are described.

* Contact address. Tel: +81 11 706 6441; Fax: +81 11 707 6581;

E-mail address: shibata@i_ano.eng.hok_,dai.ac.jp
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PATTERNING OF DIAMOND THIN FILM

The patterning of diamond thin film is of great importance for structuring diamond MEMS devices. The

patterning techniques can be classified into selective deposition and etching.

Selective Deposition

Selective deposition has been made by using Ar ÷ ion beam etching (ref. 14) or reactive ion etching (RIE) (ref.

15) to decrease nucleation density on extensively damaged substrates. It has also been achieved using an amorphous

Si mask (ref. 15) or SiO2 mask (ref. 16)as an alternative nucleation-suppressing film. Diamond thermistors (refs. 3,

4), pressure sensors (ref. 8), acceleration sensors (ref. 9), and flow sensors (ref. 9), have all been fabricated by

selective deposition. Figure 1 shows a fine diamond pattern with 12 _tm lines and 3 _tm spaces formed on a Si

substrate to a thickness of about 2 _tm using the selective deposition technique (ref. 13). This result indicates that it is

possible to achieve free patterning of diamond film with a feature size of a few micrometers.

Bias-enhanced nucleation (BEN) technique was also found to be effective in increasing diamond nucleation

density on an undamaged substrate, resulting in a diamond nucleation density as high as 10 l° cm 2 on a Si substrate

(ref. 17). A diamond microgear with a diameter of 400 _tm and a thickness of 5 _tm (ref. 18) and a diamond

micromotor with a rotor diameter of 150 _tm (ref. 19) were fabricated by combining BEN with SiO2 mask patterning.

BEN has also been shown to be effective on SiO2 film (ref. 20) and cubic silicon carbide (g-SiC) film (ref. 21), on

which the nucleation densities were about 108 cm 2 and 10 l° 1011 cm 2, respectively. The selective deposition of

diamond film has also been successfully carried out on a Si substrate using silicon-rich nitride (SIN) film (ref. 22).

Under optimized BEN conditions, the diamond nucleation density on a Si substrate has been eliminated and a

diamond film selectively deposited on SiN film.

Other techniques for the patterning of diamond film have been developed using a photoresist mixed with fine

diamond powders 0.1 0.2 _tm in diameter (refs. 23, 24). In this approach, nucleation was selectivity improved by a

Cr mask coated onto a Si substrate. Using this technique, the fine patterning of diamond thermistors (ref. 5) and

diamond microgears (ref. 24) was achieved. Selective deposition has also been made by selectively seeding substrate

with ultrafine diamond powders 5 nm in average size (ref. 25). Both these techniques have the advantage of

preventing damage to the substrate surface.
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Figure 1. Diamond fine pattern. Figure 2. Diamond microgripper.

Etching

Several techniques have been reported for diamond etching including ion-beam-assisted etching (IBAE) (ref.

26), RIE (refs. 6, 7, 27 30), electron cyclotron resonance (ECR) etching (ref. 31), and microwave plasma etching

(refs. 32, 33). The patterning of diamond film has been achieved by RIE in oxygen (O2) plasma using SiO2 and Si3N 4

film as a mask (ref. 27). An etch rate of diamond film in the range of 10 to 60 nm/min was obtained. Pressure sensors

were fabricated by RIE, using A1 film (ref. 6) or SiO2 film (ref. 7) as the masking material. In general, during the RIE

in O2 plasma, columnar structures were created on the etched surface, while the addition of SF6 to O2 depressed the

formation of the columnar structures (ref. 28). RIE might be suitable for patterning large area and thin diamond films

in diamond MEMS applications. The advantage of the ECR approach is that much lower ion energies can be used

while retaining practical etch rate.

Laser ablation can also be used in the selective etching of diamond film by using an ArF excimer laser (refs. 34,

35). As a simpler technique, diamond film can be patterned through thermal etching in O2 ambience using a Si3N 4

mask. By this method, an etch rate of 4.7 nm/min was obtained at 700°C (ref. 23).
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SURFACEMICROMACHINING

MostMEMSdevicesrequirefreestandingmicrostructuressothat mechanical movement can be achieved. The

use of a sacrificial layer is a key technique in releasing movable micromechanical components from a substrate (ref.

36). This technique, where microstructures are built up, layer by layer, on the surface of a substrate, is the so called

surface micromachining.

Figure 2 shows SEM images of a fabricated diamond microgripper driven by an electrostatic force (ref. 37). It

was fabricated by patterning diamond film to a thickness of about 2 btm onto a sacrificial SiO2 layer by selective

deposition and releasing the movable parts by etching of sacrificial layer. The fabricated microgripper had an

electrostatic comb actuator whose teeth width and gap were 10 btm and 5 btm, respectively. It was successfully

released from the substrate by etching of sacrificial layer, although it was slightly bent due to internal stress induced

in the thin film during deposition.

In fabricating such movable structures, Si3N4, polysilicon, and metals with a high melting point such as Ta, W

and Mo would also be candidate materials for the sacrificial layer. However, for a film to be used as a sacrificial

layer, it is necessary for it to be easily patterned and dissolved with high selectivity against any material to be used as

a substrate or other films to be deposited. Using the sacrificial layer etching technique, microswitch devices (ref. 38)

and microstructures such as beams (ref. 39) and air bridges (ref. 10) have also been successfully fabricated.

A unique technique has been proposed for the fabrication of single-crystal diamond microcomponents (ref. 35).

In this process, a sacrificial layer is formed in a single-crystal diamond substrate by implanting 4 5 MeV C + or O +

ions at 196°C and direct patterning of the epitaxial diamond film is then made by ArF excimer laser ablation.

Diamond microgears 400 btm in diameter and 10 btm in thickness have been successfully fabricated by this process.
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Figure 3. Diamond tip. Figure 4. STM image of narrow

grooves on Si surface.

FABRICATION OF THREE-DIMENSIONAL MICROSTRUCTURES

Three-dimensional diamond microstructures were achieved by using a Si mold. Figure 3 shows an SEM

photograph of a pyramidal diamond microstructure fabricated using the molding technique (ref. 40). The tip radius

of the pyramid was less than 50 nm. Using this pyramidal diamond microstructure, we carried out the machining of

polished Si to form nanoscale grooves 100 nm deep and up to 1.7 btm in length by moving the pyramid horizontally,

and then scanning tunneling microscopy (STM) measurements of the machined structures in situ (ref. 40). The

fabricated pyramid was a boron-doped p-type semiconductive diamond with a resistivity of about 1x 103 f2cm. As

shown in Figure 4, an STM measurement using the same pyramid showed that a narrow groove 200 nm wide and 40

nm deep had been obtained using this scratching process. At the end point of the formed groove, we observed a

protuberance caused by plastic flow. This result indicated that the semiconductive diamond pyramid was effective

both as a machining tool and as an STM tip.

The applicability of such pyramidal diamond microstructures to form a field emitter array has also been studied

(ref. 41). A similar technique has been applied to the fabrication of diamond microstructures with V-shaped grooves

to be used as a heat sink for a diode laser (ref. 42). More complex diamond microstructures based on this Si molding

technique such as capillaries and fluidic cooling devices, have also been demonstrated (refs. 43, 44).
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BONDINGTECHNIQUE

Asmentionedpreviously,themoldingtechniquecanbeusedtoformthree-dimensionalmicrostructures.Inorder
tofabricateMEMSdeviceswithmorecomplexfeatures,however,thedevelopmentofaccuratebondingtechniques
isnecessary.BondingtechniqueswillalsobeimportantforthepackagingofdiamondMEMSdevices.

Wehavepreviouslyreportedthatdiamondfilmcouldbeanodicallybondedtoglass(Pyrex7740)usinganA1
filmasanintermediatelayerandaTi filmasanadhesivelayer,eventhoughthesurfaceroughnessofthediamond
filmwasashighas200300nm(peaktovalley)(ref.45).Figure5showsSEMphotographsofdiamondprobesfor
anAFMfabricatedbytheselectivedepositiontechniqueforproducinga diamondcantileverpatternandtheSi
moldingtechniqueforproducingasharpdiamondtip(ref.45).Aglassbackingplatewassuccessfullybondedtothe
diamondbasetoaprecisionofbetterthan10btm by the anodic bonding technique to facilitate handling of the

diamond probe. Figure 6 shows an AFM image obtained with the fabricated diamond probe with a spring constant of

about 1 N/m (ref. 45). This image proves the ability of the fabricated diamond probe to measure AFM images.

The anodic bonding could become a key technology in the utilization of CVD diamond film as a MEMS

material. However, few major developments for the bonding of diamond film are currently under way. More research

needs to be carried out into bonding techniques for a diamond film if its potential as a material for MEMS is to be

exploited.

i ;i ! ::!?sliiiiiiaisiaiigiii::i::!isi a! :"

Figure 5. Diamond AFM probe. Figure 6. AFM image taken with

diamond probe.

OTHER TECHNIQUES

In order to fully realize diamond MEMS, other techniques such as polishing and planarizing, heteroepitaxial or

textured growth, and low temperature growth may be required.

Polishing and Planarizing

The surface roughness of diamond film poses a serious problem if the design specifications of a MEMS device

dimensions are of less than a few micrometers. Furthermore, diamond film with a smooth surface can be used in

optical applications. In addition to conventional mechanical polishing, thermochemical polishing using hot metallic

plates film, laser polishing, ion beam polishing (see, e.g., a review paper reference 46 and related references therein),

and gas cluster ion beam etching (ref. 47) have all been proposed. The planarizing technique based on RIE has also

been proposed (ref. 48). A bilayer made up of diamond and SiO2 was etched in SF6/O2 plasma, and the surface

roughness was reduced from 40 nm (rms) to 14 nm (rms).

Heteroepitaxial and Textured Growth

To date many efforts have been made to realize the heteroepitaxial growth of diamond on non-diamond

substrates for electronic applications. This also promises well for application in MEMS devices. This is because

heteroepitaxial or highly oriented diamond film offers a smoothly textured surface without any additional polishing

process. This would result in diamond MEMS devices of higher accuracy, smaller dimensions, and lower cost.

Furthermore, such highly oriented diamond film was found to have not only better electrical properties (ref. 49), but

also higher mechanical strength (a Young's modulus of approximately 850 GPa) (ref. 50), better piezoresistivity (ref.

51) and higher thermal conductivity (ref. 52) than randomly oriented polycrystalline diamond film. These excellent

properties of highly oriented diamond film will offer strong advantages for its use in MEMS.
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TheheteroepitaxialnucleationonSiwasgenerallyinducedbytheBENprocedureinmicrowaveplasmaCVD
(ref.53)andhotfilamentCVD(ref.54),sincethefirstreportofhighlyorienteddiamondfilmong-SiC(ref.55).In
additiontotheconventionalBEN,todateavarietyofmodifiedprocesseshavealsobeenreportedwhichaimto
improvethequalityoftheheteroepitaxialfilms(refs.5658).Althoughhighlyorienteddiamondfilmshavebeen
depositedon2in.Siwafers(ref.59),therestillneedstobefurtherdevelopmentforrealizingindustrialapplications,
e.g.,morehomogeneousfilmsovera largearea,highlyorientedfilmswithsmallthickness(lessthan5 _tm),
depositionofsuchfilmsinahotfilamentCVDprocess,andhighlyorientedfilmsonothermaterials.

LowTemperatureGrowth
Lowtemperaturegrowthof diamondfilms(LTGD)is alsoof importanceif therangeof applicationsfor

diamondMEMSisto beextended.Thistechniquecanrealizethegrowthof diamondonvarioussubstratesor
depositedthinfilmswithlowmeltingpointssuchasglasses,plasticsandA1.Inthelastdecade,thetechniquefor
LTGDatlessthan500°ChasbeenrealizedusingavarietyofCVDprocessesandgassystems;see,e.g.,areview
paperreference60andrelatedreferencestherein.InaCH4/H2systemoroxygen-containinggassystems,it seems
thattheCH4concentrationsfordiamondformationcouldbeextendedtoashighas5%atlowtemperaturesina
microwaveplasmaCVD,whereasthemaximumconcentrationofCH4torealizethegrowthofdiamonddecreased
(tolessthan1%)withdecreasingtemperatureinahot-filamentCVD.Theadditionof oxygentothegasmixture
suppressedthedeteriorationofcrystallinenatureof diamondfilms.Sincesuccessfulgrowthof diamondatlow
temperatures(250750°C)withhalogenorhalogen-containinggasesin a thermalCVDmethod(withoutthe
productionofatomichydrogen)wasreported(ref.61),severalattemptsforLTGDhavealsobeenmadeusingsuch
gassystems(ref.62).However,therestillneedstobefurtherimprovementindepositionrateandquality.

SUMMARY

Thereisnodoubtthattheexcellentpropertiesofdiamondfilm will offer significant advantages for its use in

MEMS. It is therefore to be expected that diamond will become a major material of MEMS devices in the future. In

this paper, a number of current and developing micromachining techniques for CVD diamond used in the fabrication

of diamond MEMS devices have been described. These include the patterning of diamond film, surface

micromachining technique for the fabrication of movable microstructures, a molding technique for the fabrication of

three-dimensional microstructures, a bonding technique for assembly, and other necessary techniques such as

polishing and planarizing, heteroepitaxial or textured growth, and low temperature growth. However, the use of these

diamond MEMS technologies has both advantages and disadvantages for the fabrication of diamond MEMS devices.

We therefore have to choose the most suitable technique for each device. Furthermore, in order to fully realize the

potential of diamond as a material in MEMS, further improvement of conventional micromachining and deposition

techniques of CVD diamond, and the development of novel diamond MEMS technologies will be required.
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ABSTRACT

This paper reports a new fabrication approach that utilizes silicon-on-insulator (SOI) micro-electro-

mechanical-system (MEMS) processing technology and chemical-vapor-deposition (CVD) diamond to achieve

totally monolithic diamond field emitter devices. The approach allows the core structure of field emitter device

such as the gate, anode, field emitter geometry, emitter array configuration and the final physical location of the

diamond cathode to be designed on the SOI wafer where precise self-alignment of diamond field emitter structures

can be achieved on an integral substrate. Moreover, this technique allows the fabrication of high-density gated

diamond field emitter arrays with precise uniformity and planarity over a large area. A uniform array with millions

of gated diamond micro-emitters per cm 2 can be reproducibly achieved. The emission characteristics in triode

configuration indicate that there are the three distinct regions associated with transistor operation: the cutoff

region, the linear region, and the saturation region. The emission characteristics demonstrate excellent transistor

behavior for vacuum microelectronic applications.

Keywords: diamond, vacuum microelectronics

INTRODUCTION

Diamond has been experimentally demonstrated by many to be an efficient electron field emitter (refs. 1 to

7). In addition, the robustness, chemical inertness, and high thermal conductivity of diamond promise diamond

emitter devices with good emission stability and reliability. However, for diamond emitter device technology to be

applicable, many obstacles such as performance, yield, and reliability have yet to be overcome. Most of present

diamond emitter development examines non-uniformly diamond coated silicon tips, planar as-deposited diamond

film, or irregular ion etched conical structure. These fabrication methods are nominally simple, but produce non-

uniform emitter microstructures that result in inconsistent emission behavior and poor stability.

Practical fabrication techniques for diamond field emitter devices are needed. A molding technique is an

advantageous method for fabrication of diamond field emitters with well-controlled and uniform micro-emitter

structures. We have developed micro-patterned diamond microtips on diamond films by molding technique (refs. 7

to 8) and achieved self-align gated diamond field emitter (refs. 9 to 10). However, there are limitations. Since a

uniform array of self-align gated diamond emitters over a large area is difficult to achieve while keeping gate

height and opening within specifications, we recently developed a new molding fabrication process utilizing

silicon-on-insulator (SOI) wafer as the base substrate for the fabrication of large uniform arrays. Emission

characteristics in triode configuration have been achieved.

DEVICE FABRICATION

The fabrication flow chart of the self-align gated diamond field emitter devices utilizing SOI based wafer

is shown in Fig. 1. The fabrication process begins with wafer bonding of two pieces of oxidized (100) silicon

wafers followed by etchback and electropolishing. The resulting SOI wafer is comprised of 2.2 gm-thick silicon

active layer, 1 gm-thick SiO2 layer, and 525 gm-thick silicon substrate. A 0.1 gm-thick SiO2 layer was then grown

on the wafer surfaces. The inverted pyramidal cavities were then formed on the silicon active layer (as gate layer)

by photolithographic patterning and anisotropic etching of silicon using KOH solution. The square patterns are

sized such that complete inverted pyramidal cavities are formed within the silicon active layer. Next, a silicon

dioxide layer was grown on the active silicon layer to form the gate dielectric, which concurrently produces a well-
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sharpenedapexontheinvertedpyramidalSiO2layer.Thegrowthofthegateoxideproceededuntilit touchedthe
embedded1gm-thickSiO2layer(astheetch-stoplayer).Diamondwasthendepositedonthemoldbyplasma
enhancedchemicalvapordeposition(PECVD).ThePECVDfabricationparameterswerecontrolledtoachievea
smallbutdeliberatesp2contentinthediamondfilm.Next,thebacksideofthesiliconwasetchedawayandstopped
attheembeddedSiO2layer.Finally,theSiO2layerwasetchedandthesharpeneddiamondpyramidalapexes
exposed.TheremainingSiO2andsiliconformthedielectricspacerandthegate,respectively.

(a) SOIwaferbonding,etchback,andoxidation
, , _ _S.iO2

, , "_"_ g]O 2

(b) Photolithographic patterning and Si anisotropic etching

(c) Dry thermal oxidation for gate oxide

i02

iO2

(d) PECVD diamond deposition

I'_------Diamond

]"o-_ Si02
'.:::::::::::::::::::::_:':':':':':':':':':':':I "_'-'-'-'- Si

:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:°_------_S.iO2

(e) Back etching of silicon substrate

......................... ",4------ Si02
::::::::::::::::::::::::::::::::::::::::::::::::::: si

[ ['-'-'-J ['-'-'-J _ ] I SiO2

]'_''-Diamond

(f) SiO2 etching to expose diamond tips

G2
_Diamond

Fig. 1: The fabrication flow chart of the self-align gated diamond emitter utilizing silicon-on-insulator wafer.

RESULTS AND DISCUSSION

Figure 2 demonstrates a large array of uniform gated diamond emitters achieved by this technique. The

insert of Fig. 2 shows a high magnification of a gated pyramidal emitter with very sharp apex located below a self-

aligned silicon gate. The sharpened pyramidal diamond microtip is surrounded by a silicon gate separated by the 1

gm SiO2 layer. The quality and composition of the diamond tips were characterized using Raman spectroscopy.

The Raman spectra of diamond tips show asp 2 shoulder and a sp 3 peak at 1332 cm q, which indicates there is sp 2

content in the diamond tip.

This new self-aligning, height limiting fabrication technique utilizing SOI substrates is intended to

improve the fabrication yield and uniformity of self-aligned gate arrays over larger area than other etching

techniques. The etch-stop by SiO2 layer can be easily achieved by conventional chemical etching, in contrast to

another technique, which requires a more complicated electrochemical etching of silicon p-n junction (Ref. 11).

Another advantage is that the gate opening and position can be controlled and optimized. Thus, this fabrication
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techniqueispracticalforverylargeareamicroemitterfabrication.Moreover,completemonolithicdiamondfield
emitterstructureswithself-alignedgateandintegratedanodecanbebuiltusingtheinherentlayersassociatedwith
theSOIbasedwafer.
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Fig. 2: Scanning electron micrograph of self-align gated diamond emitters over a large array. Insert shows a high

magnification of a single self-align gated diamond emitter structure

Emission testing was performed in vacuum, 10 -6 Torr. The self-align gated diamond emitter was operated

in triode configuration with an external anode placed 50 gm above the gate. The anode emission current vs. anode

voltage (Ia-Va plots) of a self-align gated diamond emitter normalized to a single tip for various gate voltages (Vg)

is shown in Fig. 3. The plots demonstrate the desired saturation behavior of a field emission transistor. The

saturation is seen for various gate voltages at anode voltage above - 200 V. The anode emission currents vs. gate

voltage of a self-align gated diamond emitter normalized to a single tip for various anode voltages is shown in Fig.

4. It shows a low gate turn-on voltage of 26 V and a high emission current of 1 BA at an applied voltage of 60 V at

anode voltage ranging from 150 to 400 V. The threshold current used to determine the turn-on voltage is 10 nA per

tip. The turn-on voltage is considerably lower than silicon field emitter triode with the same gate-cathode spacing

of 1 Bm, whose turn-on voltage is typically >80 V (Refs. 12 to 15). Furthermore, the self-align gated diamond

emitter has relatively stable emission current at a given anode voltage. The fluctuation of emission current is found

to be less than 10% for high emission current of 1 BA per tips. This fluctuation is considerably smaller than the

fluctuation of 50% at the emission current of approximately 1 BA from single silicon tip with the triode structure

(ref. 16). The tip sharpening and sp 2 content are believed to contribute to the low operating voltage and high

emission current of the diamond emitter. A detailed discussion of the effect of sp 2 content on the emission

characteristics of diamond tip has been presented (ref. 17).

The simplest way to estimate the amplification factor, B, from emission data is to estimate graphically

from the basic definition

= (dVa/dV_) at Ia= constant (1)

From Fig. 4, at a constant Ia of 1 gA, ifVa changes from 350 V to 400 V, Vg is required to change from

approximately 59 V to 59.85. Thus, g _ 50/0.85 _ 58. This amplification factor is quite high for field emission

transistor. This high amplification factor value indicates that the diamond field emission transistor has good

performance for small signal amplification applications.
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CONCLUSION
Wehavedevelopedanoveltechniqueforfabricationoflargeuniformarraysofself-aligngateddiamond

micro-emittersonSOIwafer.Thenewfabricationtechniqueisefficientandproduceslargearrayofultrasharp
self-aligngateddiamondemitters.Thus,thisfabricationtechniqueispracticalforverylarge-scalemicroemitter
fabrication.Thefabricateddevicesdemonstratepromisingfieldemissioncharacteristicswithlowturn-onvoltage.
Thisexcellentfieldemissionperformanceoftheself-aligndiamondemittertriodeisattributedtothespecifically
designedgatedultra-sharpenedpyramidaldiamondtip structure.Therefore,thisnovelfabricationtechniqueand
associateddeviceshavepromisingpotentialforverylarge-scaleintegratedvacuummicroelectronicapplications.
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Abstract

Field emission display (FED) is evolving as a promising technique of fiat panel displays in the future.
Many factors affect the performance of field emitter arrays including the shape and work function of
emission materials, distance between tip and gate, and the environmental vacuum condition.

In this work, we present a novel scheme that involves a new fabrication process of gate structure metal-insulator-
semiconductor (MIS) diode using IC technology. Using a bias assisted microwave plasma chemical vapor deposition
(BAMPCVD) system synthesized P-doped or B-doped completes this process. Based on our experimental results, it
showed dendrite-like diamond with non-doped and nanotube-like diamond with B or P doping. Doping phosphorus
or boron can enhance its electric characteristic by reducing the turn-on voltage and enhancing the emission current
density. The turn-on voltage of non-doped, B-doped and P-doped is 15V, 8V and 5V, respectively. The field
emission current (Ia) of non-doped, B-doped and P-doped is 4gA (at 45V), 76gA (at 77V) and 322gA (at 120V).

Kcywords: Field emission, Diamond, CVD, Doping
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ABSTRACT

We have developed a new process technology for emitter tips of single crystal diamond. The technology has a

process forming fine columns on single crystal diamond and a process reforming fine columns to sharp tips. Fine

columns were formed after diamond substrate with A1 dots mask was dry etched. Although it is generally difficult to

obtain both a high aspect ratio (height/diameter) column and smooth etched surface, we have fabricated tall fine

columns (aspect ratio of 8) using a novel reactive ion etching technique. It has been found that it is important to

mix a little CF4 gas in 02 gas. Using the high aspect ratio column, novel sharp tips of needle type have been

fabricated by anisotropic etching in microwave plasma at the optimized condition and novel pyramidal shape tips

have been fabricated by anisotropic homoepitaxial growth. It has been confirmed that a diameter of emitter top is less

than 40nm for a needle type tip and less than 80nm for a new pyramidal tip.

Keywords: homoepitaxial growth, anisotropic etching, reactive ion etching, sharp tips, emitter array

INTRODUCTION

Diamond is a useful material for highly efficient electron emitter devices because of its negative electron affinity,

so there are many reports on field emission from diamond. Sharp emitter tips of diamond have been fabricated on

aligned Si tips or by the transfer mold method in some paper (refs. 1 to 4), because it is important to controlled

emission site for electron devices and to make a threshold voltage lower. However, an emitter tip consists of

polycrystalline diamond and contains grain boundary in these papers. Therefore, it is difficult to investigate an

emission mechanism from polycrystalline diamond. On the other hand, we have fabricated a tip of single crystal

diamond. It has no grain boundary and an each tip has same crystal orientation. As an electron emission efficiency of

one crystal face is generally different from that of another crystal face, it is useful to select better crystal face or

orientation. In electron emission property, it is also important to transport an electron in diamond without a

collision. Therefore, an electron emitter of single crystal tip would be higher efficient than that of polycrystalline tip.

In this paper, we report a fabrication of new type emitter of single crystal diamond.

FABRICATION PROCESS AND EXPERIMENTAL

Sharp tips were fabricated on single crystal diamond after following two processes. First process is to form fine

columns on diamond substrate and second process is to reform fine columns to sharp tips. Formation method of fine

columns is as follows. After an aluminum (A1) of l#m thickness was evaporated on a single crystal Ib diamond by

sputtering method, A1 dots pattern of 1 to 15 #m diameter was formed by photolithography. A diamond surface was

etched by 3M0#m by a RIE using CF4/O2 (0-25%) gas, and an A1 was removed in a HF acid. Then, fine columns
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ondiamondsubstratewerefabricated.Reformationoffinecolumnstosharptipswascarriedoutusingananisotropic
growthtechniqueorananisotropicetchingtechnique.

AnetchingofafinecolumnwascarriedoutinanNIRIM-typemicrowaveplasmareactor.H2andCO2gaswere
introducedtothereactor.Etchingconditionswereasfollows:A substratetemperaturewasabout1100°C,aCOff
H2concentration0- 5%,atotalgaspressure100torr,andanetchingtime0.1- 4hours.A substrateswas(100)
singlecrystaldiamondwithfinecolumns.Fabricationoffinecolumnsonsubstratewasdescribedabove.

Anepitaxialgrowthonafinecolumnofsinglecrystaldiamondwascarriedoutinmicrowaveplasmareactorof
stainlesssteel.H2andCH4 gas were introduced to the reactor. Growth conditions were as follows. A CH4/H2

concentration was 0.25 to 9%. A substrate temperature 580 _ 1050 °C. A total gas pressure 50 _ 160 torr. A

microwave power 0.75 _ 1.4 kW. A growth time 20 _ 300 min. A substrate was (100) single crystal diamond with

fine columns. It have been known that growth rate ratio of V(100)/V(lll) is higher at a higher methane

concentration and at a lower substrate temperature, where V(100) and V(111) are growth rate of <100>- and <11 l>-

direction, respectively (ref. 5). Therefore, sharp pyramidal tips on various orientation substrates are able to fabricate

controlling the growth rate ratio.

A figure of column and tip on single crystal diamond was observed using a scanning electron microscope

(SEM) and a field emission SEM (FESEM). We also evaluated surface roughness by an optical step meter attached

on optical microscope and an atomic force microscopy (AFM).

RESULTS AND DISCUSSION

Formation of fine columns using novel dry etching technique

As well known, although diamond is etched easily and deeply in 02 plasma, the etched surface has generally

very large roughness. In order to obtain a smooth surface, it is effective to use CF4 gas (ref. 6). Figure 1 shows a

dependence of surface morphology by SEM on CF4 concentration in 02 gas. One dot mask of A1 has existed at a

center of each photograph, but the diameter is different. After dry etching, a column was formed on diamond surface

except for one photograph. As shown in this Fig. 1, the etched surface had a lot of needles at the condition of

CF4/O2=0 and 0.4%. On the other hand, an etched diamond surface had no needle and is smooth in the condition of

CF4/O2 >2%. However, A1 mask was etched and almost disappeared in the condition of CF4/O2 >5%, though a

diamond was not etched. Other conditions were examined in more detail. Thus, it was found that the best condition

of CF4/02 is 1 to 3%. At the best condition, we tried to fabricate a column of very small diameter and obtained a

fine column of a very high aspect ratio (height/diameter) and its array as shown in Fig. 2. The highest aspect ratio is

8 for a column of 1.2#m diameter, the height of the highest column is 22.5#m using A1 mask of l#m, etching rate

is 9.6 #m/h and surface roughness is less than lnm by measuring of AFM. It is found that our dry etching technique

has an excellent performance. We think that a little CF4 gas reacts very effectively in exceed 02 gas and that

diamond was vertically etched without side-etching, because an etching surface was covered by non-diamond film.
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Reformationoffinecolumnstosharptipsbyananisotropicetching
AfinecolumnwasetchedinmicrowaveplasmausingCO2/H2gas.Althoughacolumndidnotchangedinonly

H2plasma,acolumnchangeddrasticallyinCO2/H2plasma.ThebestCO2/H2conditionwasapproximately0.5%.
Atthiscondition,lowheightcolumnon(100)substratewasreformedto acubicshapeandthaton(111)substrate
wasreformedtoapyramidalshape.Therefore,weguessthatanetchingatthisconditionisananisotropicetchingof
V(100)>V(111),whereV(100)andV(111)areanetchingrateof<100>-and<11l>-direction.Figure3 showsthe
shapeofalowcolumn(aspectratio=0.7)(a)beforeand(b)afteretchingandahighcolumn(aspectratio=2.4)(c)
beforeand(d)afteretching.Theshapeof(b)isalmostcubic.However,topfaceisnotperfectsquareplane.In the
caseofahighcolumn,thatisclearandacolumntopbecomesasharptip.It isseemedthattopofhighcolumnwas
etchedisotropically.It wasthoughtthatamethaneconcentration,a distributionofradicalincidentdirectionand
electricfieldaredifferentpartially.Wehaveobtainednewtypesharptip fromhighaspectratiocolumn.Thetop
shapewasobservedbyFESEMandit wasconfirmedthatitsdiameterislessthan40nmasshowninFig.4.

Fig.3Ashapeoflowaspectratio(0.7)column(a)beforeand
(b)afteretching,andhighaspectratio(2.4)column
(c)beforeand(d)afteretchingon(100)substrate.

Fig.4Topshapeofneedletypesharptip
inFig.3(d).
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Fig. 5 A shape of (a) low aspect ratio (0.4) column and

(b) high aspect ratio (1.0) column after growth
on (100) substrate. A column shape before etching

insert each photograph.

Fig. 6 Top shape of pyramidal sharp tip

in Fig. 5 (b).

Reformation of fine columns to sharp tips by an anisotropic growth

Diamond was grown on a fine column by microwave plasma CVD method using CH4 and H2 gas. Controlling

growth condition, a pyramidal tip has been fabricated for substrates of (100) and (110) (ref. 5). The shape of
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pyramidaltipon(100)substrateisshowninFig.5(a).Inthisfigure,smallpyramidaltipandfourslightslopes,
whichsurroundit,areobserved.Whengrowthtimeismuchlonger,slightslopesgrowupoversmallpyramidal
tip.Fig.5 (b) shows a pyramidal tip grown from a high aspect ratio column. The growth rate ratio (V(100)/V(111))

of (b) was higher than that of (a). For tip of (b), slight slopes do not exist. Even though growth condition of (b) is

same to that of (a), slight slopes can not easily grow up over sharp pyramidal tip because starting column is high. A

top shape of a new type pyramidal tip was also observed by FESEM. Top diameter was estimated to be less than
80 nm.

We have fabricated a needle type sharp tip array using both etching technique and high aspect ratio column, and

a new pyramidal type sharp tip array using both growth technique and high aspect ratio column as shown in Fig. 7.

;""'._'_'_]::::::::::::::::::::::....:.::_......:.' "-lI'I'" "lllI_II llIillI." ..lllllli "l_'._._::. .'')':" "g::::" ._:;':" :::::"
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(b)
Fig. 7 (a) an emitter array with needle type sharp tips and

(b) an emitter array with pyramidal sharp tips

CONCLUSIONS

We have developed the formation technique of a fine column on diamond and the reformation technique of it to

a sharp tip. In the reformation method, we can use the etching technique or the growth technique. The etching

technique is anisotropic etching, which reform a low aspect ratio column to cubic shape. A new needle type sharp

tip has been obtained using both high aspect ratio column and the etching technique. A new pyramidal type sharp

tip has been obtained using both high aspect ratio column and the growth technique. A needle type tip and a

pyramidal type tip have top diameter of less than 40 nm and 80 nm, respectively. These new type tip arrays also

have been fabricated on diamond substrate by our new technique.
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ABSTRACT

The field emission properties of diamond-graphite composites were investigated as a function of composition both

for oxidized and hydrogen covered diamond. The composites consist of mixtures of nano-crystalline diamond and

graphite particles. In this way their composition could be varied at will while the field enhancement factor of the

individual crystallites remained unchanged. The measurements prove that graphite is the phase responsible for low

threshold field emission. The apparent emission threshold is strongly influenced by the conductivity of the

composites. Hydrogenation has two beneficial effects. It provides a conducting path to the emission sites via the

hydrogen induced surface conductivity of diamond. It also lowers the effective emission threshold of graphite in

contact with diamond that exhibits negative electron affinity after hydrogenation. The latter effect was

experimentally verified by photoelectron yield spectroscopy.

Keywords: field emission, diamond, graphite, negative electron affinity, percolation

INTRODUCTION

Thin film diamond synthesized from the gas phase by chemical vapor deposition (CVD - diamond) is an

excellent cold electron emitter that yields current densities of lmA/cm 2 for applied fields of 10 to 100 V/gm (see Fig.

1) (refs. 1 to 5). Even lower fields of 2 - 5 V/gm are needed to draw the same current density from nano size

diamond particles (diamond powder) (ref. 6). The emission properties of CVD-diamond films are markedly better for

hydrogenated films compared to unhydrogenated CVD diamond (ref 7, 8) as illustrated in Fig. 2. and hydrogenation

is a necessary requirement to draw any current at all from diamond nano powder (ref. 6). The field required to extract

comparable current densities from a flat metal surface with a typical work function of 4eV is of the order of 2 x 103

V/gm if one assumes field assisted tunnelling (Fowler - Nordheim tunnelling) as the electron emission mechanism

(ref. 9). Thus, the diamond based materials must either have a vanishingly small emission barrier or the local field at

the emission sites has to be enhanced by factors of the order of 103 in order to account for the low emission fields.
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Figure 1. Current-Field characteristics of

CVD diamond films of different quality in

terms of sp3/sp2 ratio (right hand side) and

of nano-crystalline diamond powder after
hydrogen plasma treatment (adapted from

ref. 6).
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Forsometimeit hasbeenthoughtthattheuniquepropertyof thediamondsurfacetoexhibitnegative
electronaffinity(NEA)whenfullyorpartiallyhydrogenatedwascrucialforthefavorablefieldemissionproperties
of diamondbasedmaterials.Theelectronaffinity)_ is the energy difference between the vacuum level and the

conduction band. It thus constitutes the barrier for electron emission from the conduction band. For the (111) surface

of diamond )_ varies from +0.35 eV for the clean (no hydrogen or other adsorbates) surface to -1.27 eV for the fully

hydrogenated surface (ref. 10) and similar values have been measured for the (100) face (ref. 11). Thus, for a fully or

even a partially hydrogenated diamond surface there exists no barrier for electron emission from the conduction band

edge provided one has electrons in the conduction band in the first place. However, diamond is a wide band gap

semiconductor and in the absence of n-type doping - this is the situation we are dealing with in CVD diamond and in

the diamond powders of ref. 6 - the concentration of electrons in the conduction band is negligible. Therefore,

electrons have to be injected over a barrier at the back contact which is of the order of 4 eV. The surface barrier of a

metal emitter is thus merely replaced by a Schottky barrier of similar height at the back contact in the case of

diamond and nothing has been gained. Also, this scenario cannot account for the improved field emission properties

of diamond-based materials after hydrogenation. Finally, there exists a wealth of data - some of them shown in Fig. 1

- that indicates that the field emission properties of CVD diamond actually improve with decreasing film quality

(refs. 12 to 16), i. e. as the relative concentration of sp 2 bonded graphitic material increases. In fact, in some cases,

purely sp 2 bonded graphitic samples have emission properties almost as good as diamond samples (ref 4). On the

other hand, if the graphitic phase is responsible for field emission as has been suggested in the past (refs. 2, 4, 16,

17), the role of hydrogen in improving the emission properties is hard to understand. Hydrogenation lowers the

electron affinity of diamond but does not affect the work function of graphite.

Here we report systematic investigations of the field emission properties of diamond-graphite composites

that were specifically designed to answer two main questions. (i) What are the relative contributions of diamond and

graphite to the field emission current; and (ii) what is the role of hydrogen in lowering the field emission threshold?

The use of diamond-graphite composites consisting of mixtures of nano-crystalline diamond and nano-crystalline

graphite powders is crucial for these investigations because in this way the relative volume concentration of the non-

diamond phase can be controlled over the full concentration range from 0 to 100% without changing the morphology

of the emitting sites which constitute in each case the same nanocrystals of diamond or graphite. This last point

cannot be overemphasized because the morphology determines the field enhancement factor and is thus one of the

crucial factors affecting field emission. In any attempt to elucidate the microscopic mechanism of field emission in a

many phase system with varying surface morphologies such as CVD diamond it is thus mandatory to have control

over the field enhancement factor _3. The results to be presented below confirm the dominant contribution of the non-

diamond phase to the field emission current. They also elucidate the subtle but important role hydrogen plays for the

field emission process. A detailed account of this work has been presented earlier (ref 18).

EXPERIMENT

For our experiment we used commercially available diamond and graphite powders with particle sizes

around 500nm that were thoroughly mixed and sprayed as a thin homogeneous layer on highly doped silicon. The

diamond crystallites are undoped and were originally oxidized as measured by x-ray induced photoelectron

spectroscopy (XPS). Hydrogenation of the composites was achieved by exposing them to a microwave-generated

hydrogen plasma for 2 min at 800°C under conditions that are used in diamond CVD. The field emission was

measured before and after hydrogenation with a gold coated metal anode of 80gm diameter in a vacuum of 10 .4 Pa.

The anode-cathode distance was determined by SEM with an accuracy of lgm.

RESULTS

In Fig. 3 current - field (I - F) characteristics are shown for a series of composites with a graphite content x

(defined as the relative volume fraction of graphite) varying from 0 to 100%. On a semilogarithmic plot the I - F

curves show the exponential increase in emission current with applied field (calculated from the applied voltage and

the anode - cathode distance) expected from the Fowler - Nordheim formalism for field emission. The exception is

the pure diamond sample which has not only a markedly different I - F characteristics but also requires a

significantly higher field than the sample with only 6.5% graphite for the same current. The compilation of threshold

fields Ft (defined as the field necessary to draw a current of 10 -12 A) in Fig. 4 shows that Ft drops with increasing
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graphitecontentfrom230V/pmforpurediamondtoaminimumvalueof23V/pmforthesampleswith87and100%
graphite,respectively•A firstconclusiontobedrawnfromthesemeasurementsis thatbeforehydrogenationpure
graphiteisthebestfieldemitterinthisseriesandthatthecontributionofdiamondtoflaefieldcurrentisnegligibleby
comparison•
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Figure 3. Field emission current measured as a function of the

macroscopic field F for a number of diamond-graphite composites.
The graphite content by volume is 0% (bullet), 6.5% (circle), 24%

(full triangle), 57% (open triangle), 87% (open square), and 100%

(full square), respectively for the different curves.
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Figure. 4. The threshold fields Ft, as a function of graphite content
x before (triangle) and after (circle) plasma hydrogenation. The

threshold fields for composites have been corrected for the reduced

surface fraction of graphite. The error bars on the data points

indicate the combined uncertainty in Ft due to the distance
measurement and the scatter in the I - F data.

After plasma hydrogenation the I - F curves retain their characteristic shape but the threshold fields change

in the way indicated in Fig. 4. For the films with high graphite concentration (87 and 100%) the threshold field is

unchanged within the experimental uncertainties• This important observation is proof that the morphology and thus

the field enhancement factor of flae crystallites has not been affected by the plasma treatment• Ft of the pure diamond

sample is lowered considerably to 65 V/pm but remains higher than any of the other threshold fields• The lowest

thresholds of about 17 V/pm are attained by the samples with average carbon concentrations of 24 and 56%. The

results for films with graphite concentrations below -60% reproduce thus the generally observed trend for CVD

diamond, that flae emission properties improve as the sample quality deteriorates and after hydrogenation.

0 20 40 60 80 100
Graphite Content x (%)

Figure 5. Measured resistivities of the diamond-graphite

composites as a function of graphite content (dots). The line

is the calculated resistivity of a two phase system in which
one phase is well conducting and the other insulating. The

curve is adapted from ref. 19 by scaling the end points to the

actually measured resistivities
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For an explanation of these results one has to consider two aspects, the transport of electrons from the back

contact to the surface and the field emission from the surface and the way both factors are influenced by

hydrogenation• The composites constitute macroscopically inhomogeneous media consisting of a well conducting

phase (graphite) and an insulating phase (diamond). The effective conductivity of such a medium is highly non linear

as a function of composition• For an ideal homogeneous mixture in which ohmic conductivity is the only conduction

mechanism flae effective conductivity exhibits a percolation threshold at about 33% graphite content as shown in Fig.

5. (ref. 19). This is indeed born out by the resistivities of the composites which are also plotted in Fig. 5. It is thus not

unreasonable to expect that a sizeable fraction of the applied voltage drops across the sample for any given current

and the Ft values plotted in Fig. 4 are only nominal threshold fields• According to the percolation model the voltage

drop is further expected to increase with decreasing graphite fraction which would explain the trend in Ft with x
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beforehydrogenation.Theseconsiderationsaresupportedbytheoutcomeof anexperimentforthesamplewith
x=0.65.Wecomparethefieldemissioncurrentvoltage(I-U)characteristicwiththecasewheretheanodeisindirect
contactwiththesamplesurface.Foranygivencurrentdensitymorethanhalfoftheappliedvoltagedropsoverthe
sampleandthusdoesnotcontributetothefieldinvacuo.Infact,convertingthevoltagedropoverfreespaceintoan
electricfieldusingtheknowncathode- anodedistanceyieldsfieldsbetween32and50V/gmthatareingood
agreementwiththefieldsrequiredtodrawcomparablefieldcurrentsfrompuregraphite.Thetwosampleswith100
and87%graphitearewellconductingandtheconductivityisnotinfluencedbyhydrogenation.

Afterhydrogenationallsamples,includingthepurediamondone,weremeasuredtobehighlyconductive.
Thisisdueto thesurfaceconductivitythatisgenerallyobservedonhydrogenateddiamond(ref.20) Thus,for
hydrogenatedcompositesthehighlyresistivepercolationtransportof electronstothesurfaceisbypassedbythe
surfaceconductivitywhichsuppliestheemittinggraphitecrystalliteswithelectrons.Followingourlineofargument
wewouldthusexpectthatthethresholdfieldsofallsamplescontaininggraphitefallonthedashedhorizontallinein
Fig.4whichcorrespondstotheFtappropriateforgraphitecrystallites.Instead,wefindthresholdfieldsthatareeven
lowerforall compositesexceptthosewiththehighestgraphitecontent.A specialfieldemissionmechanism
involvingdirectlythesurfaceofdiamondcanbeexcludedbythedatafromthepurediamondsamplewhichexhibits
afarhigherthresholdfieldthanallgraphite- diamondcompositesevenafterhydrogenation.Theexplanationforthe
loweredthresholdfieldsisgiveninFig.6whereweshowphotoelectronyieldspectraofdifferentsamplesbeforeand
afterhydrogenation.Inphotoelectronyieldthenumberofphotoemittedelectronsperincidentphotonismeasured
andexperimentaldetailsaregivenin (ref.21).Themeasurementsareperformedunderlowfieldconditionsandthe
photonenergyhVonwherephotoemissionsetsinisdeterminedbythatpartofthesurfacewiththelowestthreshold
forphotoelectronemission.FordiamondhVonhastobegreaterorequaltothegapenergyEg= 5.5eV.ThecasehVon
= EgholdsforasurfacewithnegativeelectronaffinityandhVon=Eg+ )_ holds for positive electron affinity. An

emission from the Fermi level, i.e. with a threshold corresponding to the work function of diamond is not possible

for a perfect diamond crystal because the density of states at E_ is zero. In Fig. 6a) and b) yield spectra for the pure

graphite sample and two composites with x = 0.57 and 0.24, respectively, are shown both on a logarithmic and on a

linear scale. All three spectra are identical with a common threshold photon energy hVon = 5.0+ 0. l eV which was

determined from a Fowler analysis of the spectra and which corresponds to the work function of graphite. Emission

intensity below hVon is due to thermal broadening of the Fermi-Dirac occupation function of the electrons in the

semi-metal graphite. These spectra confirm thus our initial conclusion that the graphitic part of the composites are

responsible for the field emission. The reason is that their emission barrier of 5.0 eV is smaller than that of oxidized

diamond which is at least 6 eV (ref. 11).
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Figure 6. The Photoelectron yield spectra of three

composites with x=l (open squares), 0.57 (circles), and 0.24

(triangles) before (a and b) and after (c and d) plasma
hydrogenation. Both logarithmic (a and c) and linear (b

and d) plots are shown. Comparable onset photon energies

hVon are derived from a Fowler analysis of the spectra a

and c and a linear extrapolation of the yield spectra in b

and d, respectively. The emission below hVon is due to the

thermal broadening of the Fermi - Dirac occupation

function of the electrons in graphite.

Yield spectra recorded for the same samples after plasma hydrogenation are plotted in Fig. 6c) and d). Now

there is a remarkable difference in the photoemission thresholds. For the pure graphite sample hVon remains virtually

unchanged at 4.9 eV. However, for the mixed diamond-graphite composites hVon is lowered by about 0.6 eV to

values around 4.4 eV. Again, such low values cannot be due to electrons emitted from diamond for the reasons

mentioned above and the lowered thresholds must be ascribed to a special effect that affects graphite in close contact
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withdiamondandnotgraphitealone.It isalsoevidentfromtheyieldspectraofthecompositesthatthesurfacesof
thediamondcrystalliteshaveturnedfrompositiveelectronaffinitybeforehydrogenationto NEAafter
hydrogenation.ThesignatureofNEAistherise(byoneorderofmagnitude)intheyieldspectraofFig.6c)at5.5eV
thatisabsentforPEAsurfaces(Fig.6a)ashasbeendiscussedelsewhere(refs.22,23).

DISCUSSION

Irrespective of the reasons that affect the photoemission threshold it is correct to state that the lowest

threshold for photoemission constitutes also the current limiting barrier for field emission: • = hVon. A reduction of

this barrier from 5.0 to 4.4eV corresponds, according to the Fowler - Nordheim theory to a reduction in threshold

field by 20%. This is exactly what we measure for the x = 0.56% and x = 0.24% composites after hydrogenation for

which the threshold fields are 18 V/gm compared to 23 V/gm for the graphitic reference samples. All experimental

evidence points towards the graphite grains as the electron emitting phase despite the fact that hydrogenation affects

solely the diamond phase. One aspect of hydrogenation, i.e. the surface conductivity of diamond, and its role in the

field emission process has already been discussed. That leaves the question how hydrogenation might affect the

emission threshold of graphite as demonstrated by the yield spectra and the reduced field emission threshold. A clue

comes from earlier investigations of photoelectron emission from graphitic patches on single crystal diamond (ref.

24). There we had shown that the photoemission threshold from the graphitic patches follows exactly the work

function _D of the diamond surface that was changed between 3.4 and 5.0 eV. The mechanism that allows for this

correlation between the emission threshold of graphite and the work function of the surrounding diamond is

operative here as well. For a discussion we refer the reader to refs. 18 and 24. Briefly, at the junction between

diamond and graphite electrons coming from the graphite are able to escape into vacuum by "sneaking by" the high

barrier of graphite and using the lower barrier of diamond. Naturally, this mechanism is only operative for electrons

escaping within a few nm of the diamond-graphite barrier (ref. 25). If the work function of diamond is higher than

that of graphite which is always the case for unhydrogenated or even oxidized diamond, nothing has been gained and

electrons have to overcome the full 5.0 eV work function of graphite.

SUMMARY AND CONCLUSIONS

From a systematic investigation of the field and photoelectron emission thresholds of diamond-graphite

composites we could identify key factors in the field emission process and in particular the role hydrogenation plays

for diamond based emitters. Our results shed some new light and substantiate earlier conjectures concerning the field

emission from CVD diamond and nano-crystalline diamond powder. Our results may be summarized as follows.

(i) The graphitic phase is a necessary requirement because it provides the emission sites. Emission from the Fermi

level is indeed observed in investigations that measure the energy distribution of field emitted electrons (ref. 26).

(ii) Hydrogenation is beneficial because it improves the conductivity of the diamond matrix. This is the reason why

hydrogenation was a necessary requirement to observe any field emission in the work of Zhu et al. (ref. 6). In the

m-size polycrystalline diamond used by Zhu et al. the graphitic phase can only be present in the form of grain

boundaries or graphitic patches at the surface. Thus, the percolation threshold for a conducting path between the

graphitic phases is apparently not attained and only after plasma hydrogenation does the diamond powder exhibit

sufficient conductivity so as to provide electrons for the emission sites.

(iii) Hydrogenation lowers the effective emission barrier for the graphitic part of any composite or CVD-diamond.

This lowering is, however, limited to those parts of the emitting graphitic surfaces that are in immediate contact with

the diamond (ref. 25). The lowering sets in as soon as the work function of the pure diamond phase drops below the

5.0 eV of graphite and that requires at least a partial hydrogenation.

Based on these results we are in a position to formulate requirements for an optimum, diamond based field

emission material. It would consist of a fine grained diamond layer with a columnar structure. Narrow (a few nm)

graphitic grain boundaries provide the conducting channels to the surface while the surrounding diamond serves after

hydrogenation as a means to lower the effective emission barrier. The lateral dimensions of the graphitic and the

diamond surface area should be adjusted so as to provide the highest possible fraction of graphitic surface area that is

compatible with the lowering of the effective work function. Such an emitter could in principle be realized, for

example, by electrically conducting ion tracks in diamond as was suggested recently (ref. 26). The main contribution

to an efficient field emission is, however, the local field enhancement at the emission sites.
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ABSTRACT

Electron field emission properties of different types of carbon films are promising for the realization of

cold cathode devices. Exceptionally good emission properties were obtained for carbon films which seem to contain

some kind of graphitic phase, introduced either during film deposition or in a conditioning stage (vacuum arc

discharge) during the field emission measurement.

In order to investigate the role of graphitic inclusions in CVD diamohd and their field emission properties

we have studied the field emission of diamond films deliberately patterned with Graphitic columns. Very thin

(200nm thick) insulating undoped diamond or Boron doped conducting films with sub-micron size grains were used.

Graphitic regions which penetrate all the way through the diamond layers to the conducting substrate were realized

by selective area ion-implantation induced damage followed by thermal annealing. Field emission current-voltage

curves are measured at different anode-sample distances and the turn of field of each sample is evaluated. Special

measures are taken to avoid any conditioning processes such as vacuum arc discharge that can modify material

properties.

The results illuminate the contribution of the presence of the Graphitic regions embedded in the diamond

layer to the FE properties, while eliminating any geometric field enhancement effects or creation of conductive path-

ways due to uncontrolled discharge, which were previously considered as possible mechanisms for improved FE

from diamond films.
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ABSTRACT

Field emission from sulfur-implanted homoepitaxial diamond film, which showed n-type character at above 300

°C from Hall-effect measurement, was studied. As a result, the threshold field for field emission of about 12 V/gm,

the maximum current density of about 150 mA/cm 2 and stable emission current were obtained. Emission current

tended to become larger as the lateral distance between the measurement position and the electrode for electrical

contact became shorter. On the other hand, tlae threshold field tended to be unchanged. This tendency is thought to

be partly due to the large electrical resistance of the film.

Keywords: field emission, diamond, ion implantation, sulfur

INTRODUCTION

There is a possibility that electron field emitter devices may break through the limitations to existing Si power

switching devices, because a vacuum can act as a good insulator and emitted electrons can move freely (ref.1). Such

field emitters should have the capability to produce large and stable current at low operating voltage. Materials of

conventional field emitters are usually metals (Mo, W) and semiconductors (mainly Si), which have relatively high

work function (4 - 5 eV). This means that it is necessary to enhance electric field by using very sharp tips and

electrode with small holes to extract electrons. As a result, the fabrication process becomes complicated. However,

the operating voltage of conventional field emitter is still too high (10 - 100 V) for actual applications, and it is

necessary to lower the operating voltage.

Diamond is very attractive for application as an emitter material because of its negative electron affinity (NEA),

which allows electrons to escape easily from tlae surface. The NEA feature has the possibility to lower the operating

voltage drastically and realize planar structured emitter which would enable the fabrication process to be simplified.

In this paper, we report field emission characteristics of sulfur-implanted homoepitaxial diamond film, which

showed n-type character at above 300 °C from Hall-effect measurement.

EXPERIMENTAL

Diamond film was homoepitaxially grown on high-pressure high-temperature (HPHT) Ib (100) diamond

substrate by chemical vapor deposition (CVD). The dimensions of the substrate were 4 mm x 4 mm x 0.3 mm.

Sulfur ions were implanted with energy of up to 400 keV at 400 °C, and then heat treatment was carried out at 700

°C in nitrogen atmosphere. Electrodes were formed at the four comers of the sample surface by Ar-ion irradiation at

room temperature, which leads to the graphitization of the implanted region. Au/Ti electrodes for electrical contact

were formed by vacuum evaporation on tlae graphitized area. This sample showed n-type character at above 300 °C

from Hall-effect measurements (ref.2).

Field emission characteristics were measured using a diode configuration consisting of an emitter (sample) and a

metal rod anode as shown in Fig. 1. Metal wires were used to mount the sample on a metal holder and contact tlae

Au/Ti electrodes on the sample. The distance between the sample and rod anode was adjusted using a micrometer

and determined by a telescope. This setup was installed in a vacuum chamber at a pressure of 10 .7 Torr. The sample

and anode were connected to a DC voltage source. The emission current was measured using an electrometer and a

series resistance of 10 M_ was inserted for protection.
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Figure1.Experimentalsetuptomeasurefieldemissioncharacteristics
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RESULTANDDISCUSSION

First,measurementswerecarriedoutin flaemiddleofthesampleusingametalrodoflmmindiameter.
Theappliedvoltagewasincreasedfromzeroto themaximumandthendecreasedto zero.Severalvoltagecycles
wererepeated.Althoughsurfaceofthefilmisnothydrogenisedbecauseoftheheattreatment,it showedclearand
reproduciblefieldemission.Figure2showstypicalfieldemissioncurrent-voltage(I-V)characteristics.Thedistance
betweenthesampleandanoderodwas33_tm.Asshownin thefigure,theI-Vcurvehaddistincthysteresisduring
firstvoltagecycle,whereasit disappearedaftersecondvoltagecycle.Apparently,someactivationprocessof
emissionoccurredduringtheperiodofincreasingoffirstvoltagecycle.After2.5hours,thesamemeasurementwas
carriedout.Thesamehysteresiscurvewasobservedagainduringfirstvoltagecycle.Thisindicatesthatactivationis
notadestructiveprocess.Figure3 showsemissioncurrent-voltagecharacteristicsoflowappliedvoltageregion
beforeandaftertheabove-mentionedactivation.Asshowninflaefigure,thethresholdfieldforelectronemissionwas
about12V_tm
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Figure 2. Typical field emission current-voltage
characteristics
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Figure 3. Emission current-voltage characteristics
of low applied voltage region before and after
activation
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Figure4showsemissioncurrent-voltagecharacteristicsforthreedifferentdistances(d)betweenthesampleand
anoderod.Theemissioncurrentwasdecreasedwithincreasingthedistance.Figure5 showsthecorresponding
Fowler-Nordheim(FN)plotsderivedfromdatashowninFig.4.ThefeatureoftheFNplotsforthedistanceof20
and33_tmshowedtworegions.In lowappliedvoltageregion,emissioncurrentsobeyedtheFNtheory.In high
appliedvoltageregion,asaturationtendencywasobserved.Thebehaviorispossiblydueto thelargeresistanceof
thediamondfilm.Bycontactingtheanoderodtothefilm,theresistancewasmeasured.Theresultwasabout10
G_.Thisindicatesthatthevoltagedropof1000Vinthediamondfilmoccursfortheemissioncurrentof100nA.

ThestraightlineinFig.5correspondstofitofthedataforthedistanceof53_tm.Fieldemissionisgoverned
bythewell-knownFNequation(ref.3)asfollows

log(I/V2)= log(1.54x10-6o__2/_)_2.98x107_3/2/(_V) (1)

whereI isthecurrentinA,VtheappliedvoltageinV,o_theemissionareaincm2,[3thefieldenhancementfactorin
cm-1and• theworkfunctionineV.Assumingthatemissionoccursuniformlyundertheanode,o_is equalto flae
sectionalareaoftheanoderod(o_=0.00785cm2).[3and• wereobtainedas[3= 5.97x10-7cm-1and• = 1.46x10-7
eV.Ontheotherhand,assumingthattheelectricfieldis uniformundertheanode,[3is equalto the1/d([3=
188cm-1),o_and• wereobtainedaso_=3.65x10-Ucm2and• =0.0678eV.Thevalueof[_= 5.97x10-7cm-1based
onthefirstassumptionseemsunrealisticbecauseof[3< 1/d.Thesecondassumptionseemstobeadequate.The
valueofo_= 3.65x10-Ucm2basedonflaesecondassumptionisverysmallcomparedto thesectionalareaof flae
anoderod.Thissuggeststhatfieldemissionarisesfromrestrictedpoints.

400 , , ,
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Figure 4. Emission current-voltage characteristics
for three different distances between the sample
and anode rod
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Figure 5. Fowler-Nordheim plots derived from
data shown in Fig. 4

The emission current stability of the diamond film was also investigated. Figure 6 shows the typical example of

emission current fluctuations. The distance between the sample and anode rod was 33_tm. During the test, applied

voltage was fixed to 2250 V. At an average current of about 100 nA, the fluctuation of emission current for a period
of 15 minutes was less than 5%. It was observed that the emission current fluctuations decreased as the emission

current increased.

Next, measurements were carried out using a metal rod of 0.3 mm in diameter in order to investigate the

dependence of emission current on measurement positions as shown in Fig. 7. The distance between the sample and

anode rod was 33 _tm. It was observed that emission current tended to become larger as a lateral distance (x) between

the measurement position and the electrode for electrical contact became shorter. On the other hand, the threshold

field tended to be unchanged. This tendency is thought to be due to the above-mentioned large electrical resistance

of the diamond film. The dependence of emission current stability was also investigated. It was observed that
emission current became unstable as a lateral distance became shorter.
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Figure 6. Typical emission current fluctuations of the diamond film
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Figure 7. The dependence of emission current on measurement position

Finally, we tried to bring the anode rod as close as possible to the electrode. The result is shown in Fig. 8.

The lateral distance between the measurement position and the electrode was estimated to be less than 50 gm. As

shown in the figure, the maximum current reached 100 gA at 3500 V. The calculated current density was very large,
2 ........

about 150 mA/cm. It seems difficult to explain this rapid increase of current by reduction of the resistance due to

short current path. Further investigation is necessary to understand this behavior.
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Figure 8. Emission current-voltage characteristics for the lateral distance of less than 50gm

Field emission from sulfur-implanted homoepitaxial diamond film, which showed n-type character at above 300

°C from Hall-effect measurement, was studied. Alflaough, surface offlae film is not hydrogenised because of the heat

treatment, it showed clear and reproducible field emission. The threshold field for field emission of about 12 V/_tm,

the maximum current density of about 150 mA/cm 2 and stable emission current were obtained. Emission current

tends to become larger as flae lateral distance between the measurement position and the electrode for electrical

contact become shorter. On the other hand, the threshold field tends to be unchanged. This tendency is thought to

be partly due to the large electrical resistance of the film. These results indicate that sulfur-ion implantation is a

promising method to enhance field emission from the diamond surface.
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ABSTRACT

Imaging of field emission and photoemission from hydrogen terminated diamond surfaces is accomplished

with a high resolution photo-electron emission microscope (PEEM). Measurements obtained as a function of sample

temperature up to 1000°C display thermionic field emission images (T-FEEM). The system can also record the

emission current versus applied voltage. N-doped hydrogen terminated diamond films have been produced by

MPCVD with a N/C gas phase ratio of 48. The hydrogen terminated surfaces display uniform emission in PEEM at

all temperatures. No FEEM images are detectable below 500°C. At -680°C the T-FEEM and PEEM images are

nearly identical in intensity and uniformity. At higher temperatures the hydrogen passivation layer desorbes

continuously leading to a reduced electron emission current, with an increasing loss of the negative electron affinity

(NEA) property of the surface. The uniform electron emission of these films is to be contrasted with other carbon

based cold cathodes in which the emission is observed from only a low density of highly emitting sites. The I/V

measurements obtained from the hydrogen terminated N-doped films in the T-FEEM configuration show a

component that depends linearly on voltage at low fields. At higher fields, an approximately exponential dependence

is observed. At low temperatures employed (<700°C), the results indicate a thermionic component to the emitted

current.

I. INTRODUCTION

One of the most unusual properties of diamond is the possibility for its (100), (110) and (111) surfaces to

gain a negative electron affinity (NEA) by undergoing special surface treatments. The particular applications using

the NEA property of surface treated diamond films are electron emission sources and photocathodes. One way to

achieve a negative electron affinity on diamond surfaces is through hydrogen passivation. The NEA enables

electrons from the conduction band minimum to escape the diamond without an energy barrier at the surface. To

determine whether the surface exhibits a NEA, one can employ photoexcitation of the electrons into the conduction

band minimum and observe if electron emission occurs [1,2,3].

The technique of photo electron emission microscopy (PEEM) can be used to image the electron emission

properties of a surface in a controlled UHV environment. In addition, the same apparatus can be employed to image

field emission from a surface. This technique is termed field electron emission microscopy or FEEM.

In this paper, we investigate the electron emission properties of hydrogen terminated diamond in both

PEEM and FEEM modes as a function of sample temperature up to 900°C. The FEEM mode at high temperature

involves thermionic field emission processes, and we have termed this imaging condition as thermionic-field

electron emission microscopy (T-FEEM).

It is well established the diamond can exhibit p-type conductivity with substitutional boron doping, and

Hall measurements indicate an activation energy of 0.38eV for B-doped diamond. This value was reported to be in

good agreement with the ionization energy of 0.4eV calculated from the hydrogen-like model using 5.7 for the

dielectric constant of diamond, when assuming the hole effective mass equals the electron mass [4]. In contrast, n-

type doping of diamond is difficult to obtain. The most common approach is to employ nitrogen doping, which

exhibffs a conductivity activation energy of 1.7eV for substitutional nitrogen, suggesting that the energy level caused

by the substitutional nitrogen lies 1.7eV below the conduction band minimum [5].

We have found significant differences in the thermal emission properties of B- and N-doped diamond

films. With increasing temperature highly N-doped diamond films exhibit strongly enhanced field emission, whereas

B-doped diamond shows very low field emission that remains nearly constant over a wide temperature range. For N-

doped diamond films with low N/C ratios the temperature dependent electron emission can not be observed. At
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highertemperatureswefindareductionintheelectronemission,whichweattributetothedegradationofthe
hydrogenpassivationlayer.

II. EXPERIMENTAL DETAILS

N-doped diamond films were grown on 25mm diameter, 1 _cm Si <100> substrates. Sample preparation

included: 30min. ultrasonic abrasion in a diamond/titanium/ethanol suspension, rinse with methanol and drying with

nitrogen gas. The CVD reactor is a 1500W ASTeX IPX3750 microwave assisted CVD system with an RF induction

heated graphite susceptor. The temperature was calibrated with an optical pyrometer. The process gases were zero

grade N2, H2 and CH4 . The gas flows were monitored and controlled with mass flow controllers. During film

growth laser reflectance interferometry (LRI) was used to in situ monitor the thickness of the diamond layer.

The growth of N-doped diamond film was divided into three steps: (1) establishment of the nucleation

layer, (2) growth of the N-doped film, and (3) post growth surface treatment. The conditions for the nucleation layer

were 400 sccm H2, 8 sccm CH4, chamber pressure of 20 Torr, substrate temperature of 780°C and a microwave

power of 600 W. After formation of the nucleation layer the conditions were changed to 437sccm H2, 2.5sccm CH4,

60 sccm N2, pressure of 50 Torr, substrate temperature of 910°C and microwave power of 1300 W for a nitrogen

doped diamond film with N/C-48. For nitrogen doped films with N/C-0.5 the flow rates were adjusted accordingly.

By growing for 4 to 8 hours, films with thicknesses of 0.5gm and 1 gm were fabricated. Growth was terminated by

shutting off the gas flows except H2, reducing the microwave power to 600W and reducing the substrate temperature

to 780°C. The diamond film was then treated with H2 plasma for 5 min at a pressure of 20 Torr.

The major focus of this study is the emission from N-doped films. For comparison, PEEM and FEEM were

measured on B-doped CVD diamond films, which were obtained from Dr. K. Kobashi of Kobe Steel.

The PEEM and FEEM measurements were completed in an Elmitec UHV-Photo Electron Emission

Microscope [6]. Measurements were obtained at a base pressure less than lxl0 -1° Torr. The field of view can be

changed from 150gm to 1.5gm with a resolution better than 15 nm. For all measurements a high voltage of 20 kV is

applied between the anode and the sample surface, and the anode is a distance of 2 to 4mm from the surface

(resulting in an applied field of 10 to 5 V/gm). In the PEEM measurements a mercury arc lamp was used as the UV-

light source. In the FEEM measurements no UV excitation was employed and the emission was due to the high

applied field.

The system has sample heating up to 1200°C to obtain T-FEEM images. The electron emission current

from the sample surface can be monitored and recorded to obtain current-voltage dependence. Electrons emitted

from the sample pass through a perforated anode and are imaged using electron optics. The image is intensified with

a double microchannel plate and a fluorescent screen. A CCD camera is used for image capturing. The gain of the

system is dependent on the voltage on the image intensifier. The images reported here have been digitally processed

to remove dark regions of the intensifier.

III. RESULTS AND DISCUSSION

The influence of nitrogen on the growth and properties of diamond films has been reported in several

articles [7-11]. With increasing nitrogen content in the growth chamber, increased sp 2 bonding signatures are

observed and the increased FWHM of the 1340 cm -1 diamond peak also increases significantly. Displayed in

Figure 1, the Raman scattering from the 0.5gm diamond film shows a broad spectral background extending from

1100 to 1600cm -1. The spectral components attributed to sp 2 bonded carbon include the 1355 1580 cm -1 doublet

due to microcrystalline graphite, and the broad peak centered near 1500 attributed to sp 2 bonding in or around

diamond crystals. A feature at -1140 cm -1 has been attributed to disordered sp 3 bonded carbon, and the broadening

of the 1340 cm -1 diamond peak indicates small grain size and the presence of defects or impurities [12, 13]. It should

be noted that Raman spectroscopy is about 75 times more sensitive to sp 2 bonded carbon sites than it is to crystalline

diamond when 514.5nm excitation is used [14]. It is evident that the film has a significant diamond crystal

component but it also exhibits a distribution of sp 2, and the variations in bonding are on a nanometer scale. When

using nitrogen gas as the nitrogen dopant source, it is found that the nitrogen concentration in the diamond film is

low [15,16]. However, the Raman spectrum shows that the diamond films change significantly with the addition of

nitrogen. With increasing nitrogen concentration in the growth chamber the diamond peaks FWHM at 1340 cm -1

increases and the peak corresponding to the sp 2 bonded carbon becomes more significant.
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Figure 1. Raman Spectroscopy of nitrogen doped diamond films with N/C=48 and N/C=0.5 showing a broadened

diamond peak and a spectral components attributed to sp 2 bonding for the diamond film with higher nitrogen

concentration. The spectrum was taken at 514.5nm at 300K.

Shown in Fig. 2 are PEEM images of different magnification of the N-doped diamond film at room

temperature. The images show that the surface exhibits a uniform electron emission over the whole sample surface.

The images show a fine textured grainy structure that corresponds to the morphology observed by SEM. The

brighter spots in the image of the highest magnification are attributed to emission from the most raised points on the

surface. These regions will have the highest field. Images resulting from PEEM measurements can be understood in

terms of photoelectron emission from NEA diamond [17,18]. The photo excited electrons in the conduction band of

the diamond are emitted into vacuum following the theory of photoemission. Note that the emission is uniform over

the surface with no evidence of spot emission often observed in other carbon based cold cathode materials.

This uniform emission is indicative of a relatively uniform surface barrier and of a uniform carrier

distribution near the surface. In the following we suggest that observation of uniform emission may be indicative of

emission from the conduction band.

(a) (b) (c)

Figure 2. PEEM images obtained at room temperature with Hg-arc lamp excitation using a field of view and channel

plate voltage of: (a) 150gm, 1.476kV, (b) 50gm, 1.596kV and (c) 20gm, 1.627kV. A higher channel plate voltage is

required to image at higher magnification.

By turning off the Hg-arc lamp and increasing the sample temperature T-FEEM of the nitrogen doped

diamond film can be observed. T-FEEM images were obtained at various temperatures using a constant channel
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platevoltage.Figure3(a),(b),(c),(d)showsT-FEEMimageswitha20gmfieldofviewatachannelplatevoltage
of 1.55kV,correspondingtosubstratetemperaturesof640°C,680°C,700°Cand720°C,respectively.FromtheT-
FEEMimages,averyuniformelectronemissioncanbeobservedthatincreasesin intensitywithincreasing
temperature.It isevidentthattheFEEMisverytemperaturedependentwithastrongincreaseabove640°C.Similar
measurementsonB-doped,p-typediamondfilmsdonotdisplayobservableFEEMimagesbelowtemperaturesof
800°C.WehavealsorepeatedthemeasurementsonaMoplatewithsimilarsurfaceroughnesstothediamond.Here
againFEEMwasobservableonlyfortemperaturesgreaterthan900°C.It isevidentthattheN-dopeddiamondfilms
exhibitsignificantemissionatrelativelylowtemperatures.

Theuniformityoftheemissionsuggeststhattheelectronsmayoriginatefromtheconductionbandofthe
diamond.Alternatively,it ispossiblethattheemissionoriginatesfromdefectstatesinthebandgap.If thisisthe
casethentheuniformityoftheemissionwouldrequirethatthedefectsareuniformlydistributedthroughoutthefilm.
Fromtheemissionuniformityin theT-FEEMimagesit isnotobviousthatgraphiticregionsshowenhanced
thermionicfieldemissioncontributiontotheelectronemissioncurrent.Thefactthatfieldemissionfromdiamond
filmsappearstobeanti-correlatedwithdiamondquality,thusshowingenhancedemissionforfilmswithhighernon-
diamondcarbonhastobeinvestigatedforthethermioniccase[19].

(a) (b) (c) (d)

Figure3.T-FEEMimagesofN-dopeddiamondat640°C(a),680°C(b),700°C(c)and720°C(d).All imageswere
obtainedatachannelplatevoltageof1.55kV,andthefieldofviewis20gm.

Foreachsampletemperatureof 640°C,680°C,700°Cand720°CanI/Vcurvewasrecorded.Figure4
showsasetofI/Vcurvesobtainedatvarioustemperatures.Atlowfieldswe
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Figure 4. The emission current vs. applied voltage obtained in the electron emission microscope for the N-doped

diamond film. Note that the baseline signal increases with temperature.
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findanearlyconstantvalueoftheelectronemissioncurrent.Increasingtheanodevoltagebeyond15kVresultsinan
exponentialbehavior,whichdominatestheemissioncurrentcharacteristics.Electricalconductivitymeasurements
ontypeIIanaturaldiamond,thathasnitrogenasthedominantimpurity,showsanexponentialtemperature
dependenceofthecarrierdensity,andabouttwoordersofmagnitudeofchangethatisattributedtochangesinthe
mobility.FortypeIIanaturaldiamondS.Hanet al. report an activation energy of 1.4eV that likely reflects the

excitation of electrons from nitrogen levels [20].

To show how the hydrogen passivation layer stability at higher temperatures affects the electron emission,

we have imaged the hydrogen terminated diamond surface before and after the anneal process. Figure 5 shows

PEEM images of a nitrogen doped diamond film with N/C-60. The left part of Figure 5 shows the PEEM image

before annealing the sample to 800°C and the right side shows the image obtained after annealing. It is evident that

the emission is highly reduced after annealing. We suggest that the change is due to the evolution of the hydrogen

passivation from the diamond surface, which in term increases the electron affinity from a negative value to a

positive value [21, 22].

Figure 5. The electron emission as imaged in PEEM mode before (left part) and after (right part) annealing a

nitrogen doped diamond film to 800°C showing the degradation of the hydrogen passivation that induces the NEA

and thus reduces the electron emission from the diamond film. The field of view is 50gm, the channel plate voltage
1.563kV.

The emission characteristics presented here suggest a thermionic contribution to the electron emission of

N-doped diamond films at elevated temperatures. It appears that the emission at low fields could be attributed to

thermionic emission of electrons in the conduction band of the diamond. The exponential increase of the current at

higher fields indicates a tunneling process. This process may be related to electron emission at the film surface or to

supply of electrons at the film substrate interface. Future research will explore these issues.

IV. CONCLUSIONS

We have grown nitrogen doped diamond films by plasma assisted CVD. Raman spectroscopy shows a

broadened diamond peak and the presence of sp2 bonding in the film. PEEM investigation of the NEA nitrogen

doped diamond films shows uniform electron emission from the surface at room temperature. At temperatures below

500°C FEEM does not resolve electron emission from the specimen. Increasing the sample temperature up to 720°C

we find a strong increase in the electron emission suggesting that electrons from the nitrogen donor levels are

excited into the CB. It is also noted that defects could play a role in the emission process. Further investigation will

explore the contribution of defect states and attempt to understand the thermionic emission properties.
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Abstract

Microwave Plasma assisted Chemical Vapor Deposition (MPCVD) has been utilized to synthesize nitrogen doped

diamond films for application as a low temperature thermionic-field emission cathode. The critical result of this

study is the imaging of electron emission from UV photo excitation and from thermionic-field emission. The

samples were imaged in UHV by photo electron emission microscopy (PEEM) using a UV Hg lamp for

photoemission excitation. The same instrument was used to obtain the thermionic-field emission electron

microscopy images (T-FEEM) at temperatures up to 900°C and to record the electron emission current in

dependence of the applied voltage and substrate temperature. The microscope has 15nm resolution. Nitrogen doped

diamond films were grown at substrate temperatures from 850°C to 900°C, and the Raman spectra of the films

showed a strong diamond peak at 1332cm -1 and weak signal from the graphitic regions in the sample. Field emission

could not be measured at room temperature, but the PEEM images showed relatively uniform emission. The PEEM

images showed little change as the temperature is increased. At -680°C the T-FEEM and PEEM images are nearly

identical in intensity and uniformity. This is to be contrasted with other carbon based cold cathodes in which the

emission is observed from only a low density of highly emitting sites. The I/V measurements obtained from the N-

doped films in the T-FEEM configuration show a component that depends linearly on voltage at low fields. At

higher fields, an approximately exponential dependence is observed. It appears that the emission at low fields could

be attributed to thermionic emission of electrons in the conduction band of the diamond. The exponential increase of

the current at higher fields indicates a tunneling process. This process may be related to electron emission at the film

surface or the supply of electrons at the film substrate interface. These results indicate a promising new material for

the production of low temperature, high brightness electron sources.
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ABSTRACT

Field emission characteristics of nanocrystalline diamond thin films grown by microwave plasma assisted

chemical vapor deposition (MPCVD) were examined in this study. Raman spectroscopy shows a broad peak at

1350 cm -1 associated with sp 2 bonding. Field emission characteristics were measured in ultrahigh vacuum with a

variable distance anode technique. Variable distance field emission measurements of the nanocrystalline diamond

films resulted in relatively low threshold fields of 4-6 V/gm for a current of 0.5 nA. In addition, Photo Electron

Emission Microscopy (PEEM) and Field Electron Emission Microscopy (FEEM) measurements were conducted to

image the emitting sites of the nanocrystalline diamond films. Electron emission current measurements of the

emitting sites were recorded. PEEM images show a smooth surface with very strong emitting spots that retain the

same high electron emission during FEEM. FEEM was employed to characterize the spot size of the emitting sites.

The results show that the emission originates from a localized region smaller than 0.1cm. The emission site density

of the nanocrystalline diamond films is - 104 cm -2. Thermionic Field Emission Electron Microscopy (T-FEEM) does

not result in a change in the electron emission for temperatures up to 1000 ° C. These results suggest that the emitting

sites do not originate solely from grain boundaries of the nanocrystalline diamond film but involve additional

emission mechanisms, which is a topic of ongoing research.

INTRODUCTION

Field emission from highly sp 2 bonded diamond films has been characterized as non-uniform spotty

emission (1). This non-uniform emission is indicative of field enhancement effects. Since the film surfaces are

relatively smooth, it has been suggested that the origin of the emission is from the nanocrystalline grain boundaries

(2). However, the low emission site density suggests that only specialized structures act as emission sites.

This study further investigates the electron emission properties of nanocrystalline diamond films through a

variety of methods in order to better understand the mechanism of electron emission.

The technique of photo electron emission microscopy (PEEM) can be used to directly image the electron

emission properties of a surface in a controlled UHV environment. The same apparatus can be used to image field

emission from a surface. This is known as field electron emission microscopy (FEEM). With these measurements,

we are able to image the individual electron emission sites of the nanocrystalline diamond film and obtain a

maximum limit to the size of an individual site. This technique also gives us the density of emitting sites of a

sample.

Atomic force microscopy is used to measure the surface roughness and density of grain boundaries on the

surface. By comparing the emission site density obtained by FEEM to the grain boundary density obtained using

AFM, we can related the emission in a general way to the film structure. Our results indicate that few grain

boundaries emit suggesting that an additional mechanism for electron emission from the grain boundaries must be

adopted or an entirely new explanation needs to be generated.

EXPERIMENTAL DETAILS

Nanocrystalline diamond films were grown on 25mm diameter 1 g-cm Si <100> substrates. Sample

preparation consisted of a thirty minute ultrasonic abrasion in a diamond/titanium/ethanol suspension (3), rinse with

methanol and drying with nitrogen gas. The CVD reactor is a 1500W ASTeX IPX3750 microwave assisted system

with an RF induction heated graphite susceptor. The temperature was calibrated with an optical pyrometer. The

process gases were zero grade hydrogen and methane. The gas flows were monitored and controlled with mass flow

controllers. During film growth, laser reflectance interferometry (LRI) was used to monitor the thickness of the film.

The growth of the nanocrystalline film was obtained using gas flows of 180 sccm of hydrogen and 20 sccm

of methane and a chamber pressure of 20 Torr. The substrate was held at a temperature of 900 ° C and a microwave
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powerof900wattswasused.LRImeasuredadepositionrateofapproximately0.16gmperhour.Filmsweregrown
for2to6hours.

Thresholdfieldswereobtainedwithvariabledistancefieldemissionmeasurements.Thesamplewasplaced
anarbitrarydistancefromapolishedmolybdenumanode.Anodevoltagesbetween0and1100Vwereprovidedbya
Keithley237SourceMeasureUnitwhichalsomeasuredthecurrentgenerated.Thevoltageneededtogeneratethe
thresholdcurrentwasrecorded,andtheanodewasmovedtowardsthesamplebyaknownstepsize.Byrepeating
thisprocessseveraltimes,athresholdfieldforaselectedthresholdcurrentcanbecalculated.Thestepsizeforthis
systemis55nm.(4,5)

Ramanspectroscopywasusedtoidentifythebondingcharacteristicsofthenanocrystallinediamondfilm
andatomicforcemicroscopywasemployedtoimagethesurface.

PEEMandFEEMmeasurementsprovidedimagingof electronemissionsitesforthisstudy.These
measurementswereperformedusinganElmitecUHV-PhotoElectronEmissionMicroscope(6).Measurements
wereobtainedinabasepressureoflessthan1x 10-l°Torr.Thefieldofviewcanbechangedfrom150to1.5gm
witharesolutionofbetterthan15nm.Forallmeasurements,ahighvoltageof20kVwasappliedbetweenthe
anodeandthesamplesurface.Theanodeisspacedadistanceof2to4mmfromthesurfaceresultinginanapplied
fieldof 10to5V/gm.ForthesePEEMmeasurements,amercuryarclampwasusedastheUVlightsource.In
FEEMmeasurementsnoUVexcitationwasemployed,andtheemissionwasduetothehighappliedfield.

Thesystemhassampleheatingcapabilitiesupto1200°CtoobtainT-FEEMimages.Theelectronemission
currentfromthesamplesurfacecanbemonitoredandrecordedtoobtaincurrent-voltagedependence.Electrons
emittedfromthesamplepassthroughaperforatedanodeandareimagedusingelectronoptics.Theimageis
intensifiedwithadoublemicrochannelplateandafluorescentscreen.ACCDcameraisusedtocapturetheimages.
Thegainofthesystemisdependentonthevoltageontheimageintensifier.Theimagesreportedherehavebeen
digitallyprocessedtoremovedarkregionsoftheintensifier.

RESULTS AND DISCUSSION

Raman spectroscopy was used to identify the predominant bonding in the diamond films. Figure 1 shows a

typical Raman spectrum obtained from a nanocrystalline diamond film. The characteristic 1355-1580 cm -1 peaks for

sp 2 bonded carbon are present. These peaks are broad indicating a small grain size (7, 8). A small shoulder at

approximately 1140 cm -1 is sometimes present and has been attributed to disordered sp 3 bonded carbon (7). Raman

spectroscopy is about 75 times more sensitive to sp 2 bonded carbon sites than it is to crystalline diamond when the

514.5 nm excitation is used (9).
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Figure 1. Raman spectrum of a nanocrystalline diamond film showing the characteristic peaks associated with sp 2

bonding. The spectrum was obtained using 514.5 nm excitation at -300 K.
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VariabledistancefieldemissionmeasurementswereemployedtomeasureI-Vplotsataseriesofdifferent
anode-to-sampledistances.Thevoltagetoobtainacurrentof0.5nAwasdeterminedforeachrelativedistance.
Thevalueswereplottedversusrelativedistanceandfit withastraightline. Theslopeofthelinefit givesthe
appliedfieldforthresholdemission.Thresholdfieldsforthenanocrystallinediamondfilmswasfoundtovary
between4to6Vpergm(foracurrentof0.5nA).Thiscorrespondstothresholdfieldspreviouslyobserved(10,11).
Insomeinstances,thresholdfieldsofapproximately1V/gmwereobservedinseveralsamplespreparedinthesame
manner.ThesesampleshaveshownimprovedemissioncharacteristicsinFEEMmeasurementtechniquesalthough
theoriginofthisimprovedemissionisasyetunknown.

Theemissionsitedensityofthenanocrystallinediamondfilmswasfoundtobeabout1siteper10 -4cm2in
FEEMmeasurements.Withthesetechniques,bothemissionsitesandthenonemittingareasofthefilmscanbe
imagedandcompared.Figure2showscomparisonsbetweenPEEMandFEEMofareasofthefilmwherean
emissionsiteisbothpresentandabsent.Whenanemissionsiteisabsentfromthefieldofview,thereisnoFEEM
imagedetectable,andthePEEMimagedisplaysauniformemission.Thisindicatesasmoothsurfaceofthefilm
whichwasconfirmedwithAFM.Whenanemissionsiteispresent,theuniformbackgroundisstillobservable,
however,theimageisdominatedbytheintenseemissionfromalocalizedarea.WhentheUVexcitationisremoved,
thissitecontinuestoemitasaresultofthefieldapplied.It isevidentthatthecurrentobservedin thevariable
distancefieldemissionmeasurementsareduetothesebrighthighlyemittingsites.

Figure2.150gmfieldofviewPEEMandFEEMcomparisonofananocrystallinediamondfilm:(a)PEEMimage
of uniformlyemittingfilmwithnoemissionsitepresent,(b)FEEMimageof sameregionshowingnoemission
detectable,(c)PEEMimageofaregionwithabrightemissionsiteandbackground,and(d)FEEMimageofthe
sameregionshowingthattheemissionisdetectablefromalocalizedregionoftheemissionsite.All imageswere
obtainedwiththesampleatroomtemperature.ThePEEMimagesemployedaHg-arclampexcitationsource.

A fieldofviewof1.5gmcanbeobtainedwiththephotoelectronemissionmicroscope.Figure3showsa
comparisonofseveralemittingsitesonasinglenanocrystallinesample.Sixbrightemissionsiteswereimagedwith
thehighestmagnificationofthesystematafieldofviewof 1.5gm.Thechannelplatevoltageforeachspotwas
adjustedtoimagetheemissionsiteclearly.Theintensityofemissionisnotuniformforthedifferentemissionsites.
A rangeofemissionintensityisobtainedfromthedifferentsiteswithsite3beingthebrightestandsite1beingthe
dimmest.Thesizeofeachspotis lessthan0.1gm.Whilewehavenotapplieddetailedanalysisofthesites,it
appearsthatthesmallestsiteshavecharacteristicdimensionsof-20nm.
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Figure3.ComparisonofFEEMimagesofsixdifferentemissionsitesonthesamenanocrystallinefilmsurface.All
imageswereobtainedatroomtemperatureanda 1.5gmfieldof view,themaximummagnificationof the
microscope.Thevoltageappliedtotheimageintensifierchannelplatewasvariedtoobtainthebestresolutionandis
listedforeachimage.A higherintensifiervoltageindicatesweakeremission.Thesixsitesarenotequalin their
electronemissioncharacteristics.All sitesarelessthan0.1gminsize.

Weexploredtheeffectoftemperatureontheemissioncharacteristicsofasingleemissionsite.Imageswere
obtainedfromthesamesiteattemperaturesupto1000°C.Figure4showsanemissionsiteat600,800,and1000°
C.Theintensityoftheemissiondoesnotchangeoverthistemperaturerange.Thermionicfieldelectronemission
microscopy(T-FEEM)of thenanocrystallinediamondfilmsshowednotemperaturedependenceoftheelectron
emissionfortemperaturesupto1000°C.Thisresultssuggeststhattheelectronemissiondoesnotoriginatefromthe
conductionbandandthattheworkfunctionislarge(>4eV).

Figure4.Thermionicfieldelectronemissionmicroscopy(T-FEEM)seriesofasinglenanocrystallineemissionsite.
Theintensityoftheelectronemissiondoesnotchangeupto1000°C.Imagesweretakenatafieldofviewof20gm
andanintensifierchannelplatevoltageof1.3kV.

Figure5showsacomparisonbetweena5gmAFMscanofananocrystallinediamondsampleanda5gm
fieldofviewFEEMimage.It isevidentthattherearemanymoregrainboundariesthanemissionsitesatthese
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dimensions.Thedensityofemissionsitesascomparedtothedensityofgrainboundariesleadstotheconclusionthat
additionalemissionmechanismsmustbeconsidered.
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Figure 5. Comparison of AFM (on left) and FEEM (on right) images from a nanocrystalline film. Each image has a

5 gm field of view. The AFM image shows many small grains and grain boundaries while the FEEM image shows

only one emission site over a similar area.

CONCLUSIONS

Nanocrystalline diamond films were prepared via plasma assisted CVD. Raman spectroscopy of these films

identifies peaks due to sp 2 bonded carbon, and the films contain nanocrystalline diamond along with significant sp 2

bonding.. The thermionic independence of the films suggests that the electron emission does not originate from the

conduction band and that the work function of the film is high. Atomic force microscopy gives average surface

roughness on the order of 100 angstroms correlating to a relatively smooth surface. Field emitted electron energy

distribution measurements of nanocrystalline diamond indicate electrons originate from the Fermi level of the

material (11). A comparison between AFM and FEEM images of nanocrystalline samples shows a disparity between

the number of grain boundaries and emission sites as displayed in Figure 5. This leads to the conclusion that there

are additional or unexplained mechanisms at work in the electron emission process. This is a topic of ongoing

research.
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ABSTRACT

The electron field emission from Si tips coated nanocrystalline diamond films was investigated. Nano-diamond films

were deposited on Si tips by hot filament chemical vapor deposition, and Si tips were formed by plasma etching. The

average radius of curvature for the Si tips was about 50 nm. The microstructure of the diamond films was examined by

scanning electron microscopy, Raman spectroscopy etc. The field emission properties of the samples were measured in

an ion-pumped vacuum chamber at the pressure of 10 .8 Torr. The experimental results showed that the nanostructured

films on Si tips exhibited a lower value of the turn-on electric field than those on flat Si substrates as compared with the

diamond films on flat Si. It were found that the tip shape and non-diamond phase in the films have a significant effect on

the field emission properties of the films.

Keywords: field emission; diamond films; CVD; Si tips; nanocrystalline diamond

INTRODUCTION

Recently, carbon nanotubes have attracted much interest because of outstanding electrical properties and their potential

application as a possible material for fabrication of cold cathodes (1 to 4). It was found that the field enhancement from

carbon nanotubes exhibited large local field enhancement and considerable field emission currents at relatively low

applied voltage. Carbon nanotube-based field emission displays have been fabricated using well-aligned nanotubes on

glass substrates. The displays showed a high brightness of 1800cd/m 2 at 3.7V/_tm from the green phosphor, and the

threshold field of 1V/_tm and emission current of 1.5mA at 3V/_tm were observed (5). However, it is difficult for

nanotubes to be vertically aligned after the growth. The arrangement of large area synthesis is still not easily accessible

although vertically aligned carbon nanotubes have been grown by plasma-enhanced chemical vapor deposition (CVD)

recently. To explain the field emission properties of the carbon nanotubes, Obraztsov et al (6) suggested a model for an

energy band diagram of nanostructured graphite-like materials. According to the model, the electron emission from the

nanostructured carbon was a result of tunneling of electrons through a thin modified surface layer with a low value of

efficient work function.

In this paper, the field emission from silicon tips with nanostructured diamond thin layers was investigated. The Si tips

and the nanostructured diamond films were obtained under various conditions in the same reactive chamber rather than

by a complicated photolithography. The orientated growth Si tips coated nanostructured diamond was similar to the

carbon nanotubes, i.e. carbon nanotube-like materials. Different substrate temperatures were employed to study the

effect of film structures on their field emission properties. The mechanism of the field emission from nanostructured

diamond was also analyzed.

EXPERIMENTAL DETAILS

The nanostructured diamond thin films for this study were grown on Si tips using a conventional hot filament

chemical vapor deposition (CVD) apparatus as reported in Ref 7. Mirror-polished n-type silicon wafers were used as

substrates. The substrates were ultrasonically cleaned in acetone and methanol bath for 10 min, and rinsed in 30% HF for

1 min, before loading into the deposition chamber in order to remove the oxide layer of Si surface. After a short rinse in

de-ionized water, the substrate was put on a molybdenum substrate holder. The reactive gases were a mixture of CH4 and

H2. The CH4 concentration in H2 was 1.5-15%, and total gas pressure was 4xl03pa.The gas flow was about 200 sccm.

The chamber was pre-evacuated to 10 -3 Pa. The reactive gases were directed onto the substrates. The gases were

activated by tungsten filament heated at 1800-2200 °C as measured by a pyrometer. The substrate temperature was set
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between550and850°CasmeasuredbyaPtRhthermocouplemountedonthesubstrateholder.Thefilamentwasfirst
heatedinamethane-hydrogenatmospheretoenhancetheformationofatungstencarbidelayercoveringthefilament
surfaceinordertoreducethetungstenevaporationduringthedepositionprocess.Thefilament-to-substratedistancewas
fixedat8mm.

Anegativebiasrelativetothefilamentwasappliedtothesubstrateswhenalldepositionconditionswereadjusted
to thedesiredvalues.Biasvoltageandcurrentwere-300Vand250mA,respectively.Thebiascurrentonsetwas
accompaniedbytheplasmaformationonthesubstratesurfacewhenbiasvoltageexceededthethresholdvoltage.Sitips
of severalmicrometershighwereproducedonSisubstratesbyplasmaetchingafter15mindeposition.Thetipsize
dependedonplasmaintensity,andtheplasmaintensitywasincreasedwithincreasingbias(orcurrent).Aftertheplasma
treatment,biasvoltagewasturnedoff,CH4concentrationandsubstratetemperaturewereadjustedto3.5%and650°C,
respectively.

RESULTS AND DISCUSSION

Figure 1 shows SEM images of the Si tips after 20min of deposition. Fig. 1a and b show the SEM morphology of Si

tips and nanostructured diamond films on Si tips, with an orientated growth, respectively. As can be seen, the films on Si

tips consist of many micrograins without any crystallographic facets. The average radius of curvatures for Si tips is about

20nm, which are similar to the carbon nanotubes, i.e. carbon nanotube-like.

%• 11Li N

_.__'_:,:,_-._....

N
Figure 1. SEM images of the Si tips; (a) Si tips; (b) nanostructured

diamond films on Si tips;(c) diamond films on flat Si substrate.

The field emission characteristics of the films were measured at different substrate temperatures. The experiments

were performed in an ion-pumped vacuum chamber at a pressure of 10 s torr. ITO-coated glass of 3 mm 2 in area was

used as an anode electrode. Anode-to tip separation was about 100gm. Cathodes were heated by a small furnace. Ag and

Au were used as ohmic contacts to anode and cathode, and a resistor of 5M_ was connected to the cathode to protect the

measurement equipment.

Typical emission characteristics from the nanostructured carbon films on Si tips are shown in Figure 2. Fig.2a-c

represents three samples with different annealing temperatures, respectively. In Fig.2c a turn-on field of 1.2V/gm and a

maximum current of 500gA at 2.5V/gm for annealing temperature of 350 °C in nitrogen atmosphere is observed,

whereas, a lower emission current of 160gA at 2.5V/gm with a turn-on electric field of 1.8V/gm without annealing

treatment is shown in Fig.2a. Compared to Fig.2c, the emission current is rather low.
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Figure 2. Field emission characteristics with different
substrate temperatures 25 °C (b) 150 °C (c) 350 °C

Fig.3 shows the comparison in the emission characteristics of the nanostructured diamond films on Si tips with

those on the flat Si substrate. Fig.3a is the field emission from Si tips coated crystalline diamond films without annealing

treatment, and Fig.3b denotes that of nanocrystalline diamond films on the flat Si substrate. It is quite apparent that the

field emission was enhanced by Si tips. The films on the flat Si substrate exhibit a low emission current and high
threshold field.
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Figure 3. Comparison in the emission characteristics of the nanostructured diamond

on Si tips with those on flat Si substrate. (a) on Si tips; (b) on flat Si

Figure 4 shows Raman spectra of nanostructured diamond films on the Si tips at different annealing temperatures.

The strong sharp peaks at 1580cm -1 (G line) correspond to the high-frequency E2g first-order mode, which are related to

various forms of graphite materials. The peaks at 1345cm -1 (D line) have also been assigned to graphite materials. A

weak peak centered at 1200cm -_ represents nanocrystalline diamond as shown in Fig.4a-c. Fig.4d shows the diamond

films on the flat Si substrate, which revealed that the films were main diamond crystals as evidenced by the sharp

1332 cm-_ peak. It can be seen that the peaks of nanocrystalline diamond were enhanced with annealing temperature.
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Figure 4. Raman spectra of nanostructured carbon
films on Si tips at different substrate

temperatures; (a) 25 °C; (b) 150 °C

(c) 350 °C; (d) diamond films on flat Si.

As mentioned above the results, the enhancement in emission properties with the annealing temperature can be

attributed to the changes in the structure of the films on Si tips and barrier height as well as the geometric form of Si tips.

It is well known that diamond is an initial reason for the negative electron affinity on its surface, which can provide a

very low energy threshold for electron escaping into the vacuum from the diamond conduction band. On the other hand,

nanocrystalline diamond has the tip-like shape of its surface morphology. The tip shape of the surface should provide an

additional local increase in electric field at the tip edge. The film composition on Si tips mainly consisted of the graphite

material as shown in Fig.4. The better conductivity of graphite along a based crystallographic plane may lead to the

improvement of the field emission properties as compared with pure diamond films.. The thin graphite layers on Si tips

are similar to carbon nanotubes, i.e. carbon nanotube-like. The Fowler-Nordheim description of the field emission can be

expressed as

J= A _exp(_) (1)

where A-0.014 and B-6.8×109 are constants, J(A/m 2) is current density, F-t_V/d is electric field, d is distance between

anode and cathode, d?is the effective barrier height, and ]3 the field enhancement factor depends on the emitter geometry.

]3 can be estimated by the following expression,

h
]_ = -- (2)

F

where h is the tip height, and r is the tip end radius. Combining eq.(1) with eq.(2), it was found the _ is about

0.30eV-0.80eV for sample c (see Fig.2c) , but _? lies in the range of 1.0eV-2.60eV for sample a as shown in Fig.2a As

can be seen, the energy barrier height with graphite-like structure was decreased by thirty percent as compared with that

ofnano-diamond structure and less than the work function for graphite (5eV).

The decrease in the energy barrier may be due to the modification of electronic configuration of carbon atoms

located at the graphite-like sheet surface for carbon nanotubes. However, the graphite-like thin films on the Si tips are

quite different from that the structure of carbon nanotubes. Here we propose a modified model for electron emission
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fromnanocrystallinediamondfilmsonSi tips.Thegraphite-likefilmsareassumedto bea conductivemetal.A
Si/graphite-likeinterfaceispresumedtobeametal/Sischottkyjunction.Asaresultofthemirror-imageforceandtunnel
effect,schottkybarrierheightisreducedwithappliedvoltage.Electronstunnelthroughthejunction,anddrifttothe
surfaceofthenanostructuredcarbonfilmsandescapeforvacuum.Thewidthofthepotentialbarrieratthetipvicinity
willbedecreased,furtherincreasingthetunnelingprobabilitythroughit.Ontheotherhand,it canbeseenfromFig.4
thatsampleacontainsahighersp2contentinthefilmsthanthatofdiamondfilms.Itwasconfirmedthattheconducting
sp2particlesin thediamondfilmscanincreasethefieldenhancementfactor.Therefore,thetotalfieldenhancement
factor_3canbeexpressedintermsoftheproductofeachfieldenhancementfactoras

t_ = t_g t_ r t_ p (3)

where ]_x, ]_r and ]_p are the field enhancement factor for the tip geometry, tunnel effect and sp 2 content. Taking into

account the graphite work function of 5eV, _3 can be estimated as 3500 using the slope of FN plot. _3gis found to be 120

from eq.(2). Thus _3T_3pis about 29. This means that the geometrical enhancement is greater that of the tunnel and sp 2

content effects.

CONCLUSION

Nanostructured diamond films on Si tips were prepared by hot filament CVD. The Si tips and films can be

obtained under different deposition conditions in the same reactive chamber. It was found that the field emission

properties from nanocrystalline diamond coatings on Si tips were greatly improved as compared with those of the films

on the flat Si substrate. This is due to the tip shape of the surface that provides an additional local increase in electric

field at the tip end, which led to the enhancement of the field emission.
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ABSTRACT

Electron field emission is often described by the basic Fowler-Nordheim model for electron tunneling
currents under an applied field. A convenient expression of this model is a linear fit of the log of measured data
as a function of the inverse field. However, this approach eliminates the possibility of extracting more then
two inherent model parameters simultaneously. Furthermore, Fowler-Nordheim emission from non-planar
surfaces is based on non-physical parameters that offer little insight into the mechanisms of electron field

emission. Using a new model with physically-based parameters to describe the emission process, estimates
can be made from measured data providing more rigorous insight into the physics. The objective of this
work is to evaluate two models used to describe field emission from diamond tips. Model parameters are

extracted through a rigorous application of parameter estimation methods. Conclusions on the nature of
electron field emission are gleaned from examination of the resulting parameters.

Keywords: parameter estimation, field emission

INTRODUCTION

Electron field emission occurs when the potential barrier between a surface and vacuum (or two dissimilar

materials) is thin enough to allow an appreciable probability of electron tunneling. When a wide band gap
semiconductor such as diamond is used as the emitting material, highly energetic electrons are more likely

to tunnel [7]. The energy difference between the emitted electrons and replacement electrons can result in
a net cooling of the cathode. This selective emission of energetic electrons process also suggests that wide
band gap semiconductors can be used in power generation applications as well. At high temperatures, the
potential barrier becomes thinner increasing the probability of tunneling. The thermal energy is thereby
converted to electrical current.

To evaluate the thermodynamics of field emission the electrical current and average energy of the emitted
electrons must be described. Accurate description requires models to include nanoscale effects which govern
the probability of electron emission. Several central f_atures that influence the emission of electrons in

semiconductors are topology of the emitting surface [10], grain structure of the emitting material, work
function of the semiconductor and doping level of the prepared emitter. Although cathodes can be prepared
with a great deal of geometric precision, their effects on the emission process and are not well understood.
Furthermore, the thermodynamics are also governed by several macroscopic phenomena such as temperature,
area available for emission and choice of material. A good model, therefore, should incorporate many of these
f_atures.

Electron field emission is often described using a basic Fowler-Nordheim model for tunneling currents

under an applied field. With this model, whose derivation can be found in the literature [4, 2], the tunneling
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current (I) varies exponentially with applied field (F).

I 1.56x 101.1 °A/32F2exp \f"10.4  /exp( -6.44 / anlp/cnl 2 (1)

The model parameters include emission area (A), the effective work function of the material (g;) and an

"enhancement factor" (/3). All these parameters are interrelated and estimation can prove difficult.

Emission area which is a geometric quantity is typically unknown and will change with the topology

of the sample, applied field and crystalline structure of the cathode. With specifically prepared samples

such as pyramidal "tips," this area can be controlled and is conceivably related to the number of emission

sites (or tips) and the radius of curvature at the end of the tip. However, the area is usually taken to be

the macroscopic surface area available for emission. The effective work function can be approximated from

the elemental composition of the cathode. However, slight variations in this value will occur with surface

contamination and changes in crystalline structure. Therefore, the height of the solid-vacuum barrier is not

consistent for different emission sites.

The enhancement factor represents the amount of band bending created by any number of influences

such as gated structures or geometric surface enhancement. In the Fowler-Nordheim model, the potential

near the barrier is assumed to be linear with a slope of a perfbctly fiat uniform emitter. The enhancement

factor, therefore, represents the change in slope at the barrier due to band bending. Because of the non-

physical nature of this parameter, it has been used to quantify any number of non-geometric effects such

as grain size, and doping level [11] which are not described explicitly in the Fowler-Nordheim model. As a

result, the Fowler-Nordheim model has been relatively successful in providing comparative analysis between

similar samples.

A unique evaluation of all three model parameters in the simplified Fowler-Nordheim model is mathe-

matically difficult because the parameters are highly correlated. Normally, one of the three is assumed to

be known (either emission area A or effective work function g;) and the remaining two can be determined

uniquely. This %ature of the Fowler-Nordheim model becomes apparent when its reduced form is examined.

The Fowler-Nordheim model is conveniently cast as a linear relationship.

in(/) Co(A,/3,0)+C1(/3,_) F (2)

where Co and C1 are functions of the model parameters. It is immediately clear that the three model

parameters can not be determined uniquely fbr any given set of data.

To overcome the limitations of basic Fowler-Nordheim, Fisher [3] suggests using a model which describes

the field enhancement due to band bending through a physically-based geometric radius. We note that other

similar models have been proposed [8, 6, 5]. In this model, the radius of curvature of the emitting tip is used

to describe the field enhancement. Note that for a flat emitter with no surface topology, the tip can be taken

as infinity without loss of generality. Also note that the new model is not restricted by the assumption of a

linear potential at the barrier. The details of the model can be fbund in the literature.

In the present work, parameters from each model are estimated using inverse techniques and experimental

electron-field-emission data. The emission data was collected from a boron-doped diamond cathode with

2#m (at the base) tips. Details of the cathode preparation and experimental procedure can be found in

the literature [11]. Sensitivities of each model to the estimates will be examined to determine confidence

intervals for the estimates. Further, a comparison of non-physical models and parameters to physical model

and parameters will be performed to gain additional insight into the emission process and to assess the utility
of each model.

PARAMETER ESTIMATION

Inverse techniques can loosely be described as approaches for solving ill-posed problems [9]. The problem

at hand can be described as ill-posed because experimental data inherently contain measurement errors.

Therefore, the estimates will also contain errors. However, the error in the estimates can be characterized

through confidence intervals [1]. Inverse techniques are related to curve fits (and actually reduce to curve

fits for polynomial models) but can incorporate any forward model and measurement errors. If we define
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the forward model as a function of the parameter vector [r//3)], then the estimates can be found from a
minimization of a least squares fit of the experimental data

S [y _ f/(/3)]T_ l[y _ f/(/3)] (s)

where S is the objective to be minimized, Y represents the measurement vector and 6 is the covariance
matrix of measurement errors. For simplicity, the covariance matrix is given a square matrix with relative
measurement errors for each measurement along the diagonal. If the error is constant the matrix can be

defined as the variance times the identity matrix. In this special case, the measurement errors can be
eliminated from the formulation as they do not affect the value of the estimates.

To extract the parameter vector _, the derivative of the objective with respect to the parameter vector
can be set equal to zero. Because the model will in general be non-linear, we use a Taylor series expansion,

neglecting higher order terms to obtain an expression for the parameter vector correction.

/_/+s /_/+ A_; A_ xT¢) s[y_ r/(_)] (4)
xT(_ 1 x

where the tilde represents the fact that the parameter vector is an estimate and the subscript is an iteration
index. The sensitivity matrix represents how the model changes with respect to the parameters, and is

central to determining the parameter extraction process.

x or(#) v(#+_#)-v(#) (5)
oH _#

This matrix can be determined analytically in some rare instances; normally, it must be determined numer-
ically. For example, the Fowler-Nordheim model has analytic derivatives in _. However, the derivatives of

the new emission model are determined numerically by perturbing a single parameter (5/3).

RESULTS AND DISCUSSION

The linear dependence of the sensitivity coefficients indicates whether the parameters are correlated.
High correlation (or confounding) means that the parameters can not be estimated independently. It has
already been suggested that the parameters are highly correlated for the Fowler-Nordheim model because
of the ability to cast the formulation into an expression for a line. The line contains at most two indepen-
dent parameters. Figure la shows how the sensitivities grow with applied field. The actual sensitivity was
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Figure 1: Normalized sensitivity coefficients for the two emission models.

normalized by the nominal value of each parameter. Prom visual inspection, notice that all sensitivity coeffi-
cients exhibit possible linear dependent behavior. This fact can be verified further through the identifiability
factor which can be found from the the sensitivity matrix (M IxTxI). An identifiability of zero indicates
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Table1:Estimatedparameters(with 95%confidenceintervals)andidentifiabilityfor theemis-
siondatasetandboth models

Parameter NewModel Fowler-Nordheim
2.94x1034_1.20x103 6.81x10n4_1.78x 10 nEmission Area (#m 2)

Work Function (eV)
Enhancement Factor

Tip Radius (#m)

Identifiability

2.678 4- 5.33 x 10 '_

9.83x 10 _4-3.18X 10 4

2.44 4- 3.79 x 10 '_

905 4- 23

2.6x 10 x9 3.8x 10 27

perfect linear dependence, therefore any value greater than zero indicates a relative ability to extract unique
parameters. Although the identifiably is arguably small in both cases, the new model clearly indicates an
advantage over the Fowler-Nordheim model. These data are reported in table 1.

The sensitivities of the new emission model are found in figure lb. For this model, the parameters are

also relatively correlated and simultaneous estimation is difficult. Mathematically this results in a fairly
flat design space and a global optimization scheme such as a genetic algorithm must be used. Despite the
apparent linear dependence between parameters, significant non-linearity in the design space was found. In

fact, a secondary global minimum representing a possible alternate set of estimates was located. This result
was deemed physically unrealistic so the design space was limited to exclude this region.

In the two models, the emission area and work function represent essentially the same quantity. The tip
radius from the new model and the enhancement factor from Fowler Nordheim, on the other hand, can be

loosely described as the inverse of the other. As the radius of the tip becomes smaller (becomes %harper"),
we expect the emission to increase because the potential barrier at the cathode surface because thinner
allowing more tunneling. As the radius decreases, we expect the field enhancement factor to increase. This
relationship is reflected in the sensitivity coefficients. The signs of the two parameters are opposite.

The validity of the two models can be deduced from the parameters that are similar in each model.
The emission area from each case should be approximately equal. The two models predict slightly different
values. However, the large confidence intervals indicate that this parameter is extremely sensitive to the
measurement errors. Therefore accurate estimation is difficult. Note that the work function estimated from

each model is very similar. Realize that the two models are different, and therefore the parameter estimates

are expected to differ somewhat.
Since the tip radius, which is extracted from the new model, is a physical quantity, we can obtain a

reasonable verification from SEM photographs of the tips. Through visual examination of an SEM image,

the tip of one pyramid was estimated to be 5nm compared to the estimated 9nm. Realize that the image
does not provide a high resolution of the tip and we expect tips to vary to some degree. We believe this is
remarkable agreement between the estimate and the "measurement".

An additional piece of information available from the new model is the number of emitting tips. The

emission area can be assumed to be related to the tip radius by the number of emitters (A Nrcr2). Prom
the estimates, we find that there are N 9.68 tips emitting. This value is not necessarily an integer because
we do not expect all tips to be created equal. On the microscopic level, there will be differences in the
grain structure as well as doping levels etc. Therefbre, this quantity represents some average number of tips

emitting.
The models fitted to the data are shown in figure 2. Although the both match the data reasonably

well fro large fields, we notice that the the new model tends to match better at lower fields. This artifact
is attributed to the fact that the new model does not assume a linear potential profile at the surface like

the Fowler-Nordheim does. This effect will be more important at lower fields where the curvature of the
potential is near the average emission energy.

Finally, the traditional Fowler-Nordheim plot is shown in figure 3 to illustrate some differences between
the two models. Realize that the Fowler-Nordheim model is exactly a straight line. Therefore, the new

model contains some curvature due to the non-linear potential profile. At initial inspection, it may appear
that the Fowler-Nordheim expression matches the data more closely. However, realize that the vertical axis
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Figure 2: Fit of the data with both models using the parameters reported in table 1.

is a log scale. Therefore, at small fields (large 1/F), the difference between the models is negligible. For
moderate fields (as also demonstrated in figure 2), the new model accounts for the identifiable bias in the
data compared to the linear fit.

CONCLUSIONS

Through inverse techniques we were able to extract model parameters from two different electron field
emission models. For both models, it was found that appropriate treatment of the experimental errors in

the estimation process can lead to smaller confidence intervals and more accurate estimates. As identified
by the sensitivity coefficients, it was found that neither model uncorrelates their corresponding parameters,
and estimation is difficult.

Even though the sensitivity coefficients do not identify a clearly prefbrred model for the estimation of

parameters, the new model uncorrelates the parameters slightly (as seen from the identifiability). This is
thought to be because the field in the new model is not assumed to be linear as in the Fowler-Nordheim. Fur-

thermore, a model which employs physically meaningful parameters (tip radius as opposed to enhancement
factor) is generally more desirable.
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ABSTRACT

Electrochemical analysis has assumed an important place in the arsenal of analytical techniques for the detection
of trace amounts of many organic and inorganic molecules of biological significance. Various electroanalytical
techniques such as differential-pulse voltammetry (DPV) and stripping voltammetry have been developed for
electroanalysis. The selection of electrode material is very crucial for the selective analysis of specific group of
compounds. Although wide range of organic species are electroactive at glassy carbon and pyrolytic graphite
electrodes, these electrodes suffer from practical problems such as electrode fouling due to binding of reaction
products and non-electrochemically active biochemical species. Boron-doped diamond, while acting as conducting
electrode, has overcome many of these deactivation problems. First, the wide electrochemical potential window of
the diamond electrode allows the sensitive electroanalytical detection of chemical species that react at relatively high
potentials. Secondly, the low background ettrrent of the diamond electrode has facilitated the detection of several
eleetroactive species with sensitivity at least on_ order of Magnitude greater than that of the GC electrode even at
moderate potentials. Besides, this electrode is its long-term stability due to lack of adsorption of chemical species
on the inert electrode surface. This article gives an overview of recent developments in the eleetroanalytieal use of
diamond electrodes.

Keywords: conductive diamond, electroanalysis, sensor, phenol, and electrode-modification

INTRODUCTION

Diamond possesses various types of superior properties, including high mechanical stability, high thermal
conductivity and chemical inertness. These properties made diamond very promising for electronic device
applications. Recently, conductive boron-doped chemical vapor-deposited diamond thin films have emerged as
unique electrode materials in electrochemistry due to their attractive properties, including very low background
current, wide electrochemical potential window in aqueous media, high resistance to corrosion and mechanical
stability. Boron-doped diamond (BDD) electrodes are expected to have distinct advantages over other conventional
carbon-based electrodes such as glassy carbon (GC) and highly oriented pyrolytic graphite (HOPG) in some
electroanalytieal applications (ref. 1) (Fig. 1). First, the wide electrochemical potential window of the diamond
electrode allows the sensitive electroanalytical detection of chemical species that react at relatively high potentials
(ref. 2). We have recently demonstrated the detection of histamine at a potential of 1.28 V vs. Ag/AgCI, with an
experimental detection limit of 500 nM (S/N = 13) (ref. 2). Another promising feature of this electrode material is
the long-term electrode stability. Although HOPG has been reported to be useful for detection at high potentials, it
fails to exhibit long-term stability due to problems such as intercalation and electrode fouling. Xu et at. have
previously reported such results for azide, which also oxidizes at high potentials (ref. 3). One of the main factors
contributing to the long-term stability of the diamond electrode is the lack of adsorption of most types of chemical
species on the inert electrode surface. We have presented evidence for the inert properties of diamond during the
electroanalysis of NADH and serotonin (refs. 4 and 5). This property has been attributed mainly to the hydrogen
termination of the as-deposited diamond surface, which makes the surface non-polar. It has been shown that there is
a lack of adsorption of polar molecules such as anthraquinone disulfonate on the as-deposited diamond surface, this
behavior eontrasting with that observed at GC electrodes (ref. 6). Reeently, we have observed similar behavior for
the quinone formed during the electrochemical oxidation of serotonin (ref. 5). Interestingly, even oxidatively treated
diamond electrodes did not show any tendency towards adsorption of the quinone, indicating that the oxygen
functional groups are probably of a different type from those present on GC. Thus, both as-deposited and
oxidatively treated diamond electrodes exhibit high stability for electroanalysis (refs. 2 and 4).
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Figure 1. Cyclic voltammograms obtained for Various electrodes in 0.5 M H2804, scan rate, 200 mV/s

Secondly, the low background current (low double-layer capacitance) of the diamond electrode has faeilitatedthe
detection of several electroactive species with sensitivity at least one order of magnitude greater than that of the GC
electrode even at moderate potentials (Refs. 4 and 5). We have achieved amperometric detection limits as low as 10
nM for NADH and serotonin at operating potentials of 0.58 V and 0.43 V vs. Ag/AgC1, respectively (refs. 4 and 5).
We were not able to observe any analytically useful signal at GC for these concentrations, due to large background
current and noise. Although the sensitivity of the diamond electrode is somewhat low at higher operating potentials,
as indicated for histamine (detection limit, 500 nM), the electrode performance is much superior to GC. An
additional advantage with diamond for electroanalysis is that it is relatively insensitive to dissolved oxygen over a
wide range of potentials in both alkaline and acidic aqueous electrolytes (ref. 7). Hence, the electrolyte does not
require any deaeration.

EXPERIMENTAL SECTION

Highly boron-doped diamond thin films were deposited by use of a microwave plasma chemical vapor deposition
system (ASTeX, Woburn, MA), on silicon (100) wafers, as previously reported (ref. 7). Prior to deposition, the Si
substrates were hand-polished with diamond powder (0.5 gin) for nucleation, followed by rinsing with acetone. A
mixture of acetone and methanol (9:1 v/v) was used as the carbon source, with dissolved B203 as the boron source.
High purity (99.99 %) hydrogen gas was used as the carrier gas. The deposition of the film was carried out at a
microwave power of 5 kW. A film thickness of approximately 40 gm was achieved after 10 hours deposition. The
film resistivity, measured by the four-point probe method, was on the order of 10 .3 _ cm. The Raman spectra of
these films showed them to be of high quality, as evident from the strong characteristic peak at 1332 em "_. In
addition, a broad peak centered at approximately 1200 cm -t was observed, which is cb.araeteristic of highly boron-
doped samples. The GC electrode (5 mm diameter, GC-30, Tokai Carbon Co., Ltd., Japan) was pretreated by
polishing with alumina (1 gm), followed by rinsing with high-purity water.

The flow injection analysis (FIA) and liquid ehromatographie experiments were carried out with a miero-LC
pump (BAS, LC-100), an injector (Rheodyne) with a 20-gL loop, a thin layer flow-eelI (BAS), an amperometrie
detector (BAS LC-4C) and an X-Y recorder (Graphtec, WX4000). The wall-jet-type flow-cell consisted of the
Ag/AgC1 referanee electrode and a stainless steel tube as the counter electrode, which also served as the tube for the
solution outlet. The geometric area of the diamond electrode in the cell was estimated to be 0.64 em 2. A CN-3
column (GL Science, 150 × 4.6 mm I. D.; particle size, 5 l/m) and ODS columns were used for the separation of
the pesticides. Phosphate buffer (pH, 2.25)/acetonitrile was used as mobile phase for pesticide detection. A
mixture of acetic aeid/water/aeetoniile was used as the mobile phase for the detection of prehydrolysed pesticides
(phenolic derivatives). All other reagents were analytical reagent grade. Glucose oxidation at metal-modified
diamond was carried out in 0.1 M NaOH solution. All solutions were prepared in Milli-Q water (Millipore).
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RESULTS AND DISCUSSION

Detection of Carbamate Pesticides

As mentioned above the wide potential window of diamond electrode, as shown in the Figure 1, allows its use
for the detection of molecules, which oxidize at high potentials. Figure 2 shows an example for oxidation of such
molecule, namely carbaryl that is one of the several carbamate pesticides, which is widely used as an insecticide.
The allowed levels of residues of these pesticide compounds in crops and water samples are regulated by
international organizations; for example, the European Drinking Water Directive imposed a limit of 0.1 ng/mL for a
single pesticide and 0.5 ng/mL for the sum of all pesticides in environmental waters. These pesticides are heat
sensitive, decomposing to methylisocyanate and phenol. This tendency to decompose thermally makes it difficult to
analyze many carbamate pesticides directly by gas chromatography. For this reason, numerous HPLC methods have
been developed to analyze carbamates by UV spectrometry or by fluorimetry, and only in some instances are
electrochemical methods used. However, electrochemical methods can offer some advantages as greater sensitivity
and selectivity without the need of various-step derivatization procedures as in fluorescence. However, no suitable
electrode is available for direct detection of these pesticides due to high oxidation potentials. Diamond due to its
wide potential is an excellent choice for such detection.

Figure 2 shows cyclic vottammograms for 100 pM carbaryl together with the corresponding background
voltammograms in phosphate buffer (pH, 7.2) at diamond and glassy carbon electrodes. At the diamond electrode,
an irreversible oxidation voltammetric wave was observed. However, at the glassy carbon electrode, the
voltammogram appears featureless with a broad shoulder along the rising background current, which is due to a
combination of oxygen evolution and electrode corrosion. However, at the diamond electrode, a well defined,
sweep rate-dependent oxidation peak was observed at 1.4 V vs. SCE, the peak potential being slightly more
positive than that for glassy carbon. Due to the low background current, a signal/background (S/B) value of 10 was
obtained for the diamond electrode, indicating the possibility of obtaining high sensitivity at this electrode.
Furthermore the voltammograms were reproducible even after several sweeps, indicating the high stability of the
electrode.

/
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Figure 2. Cyclic voltammograms for 100 gM carbaryl pesticide at boron-doped diamond electrode and
glassy carbon electrodes in phosphate buffer (pH, 7.2).

The low background current of the as-deposited diamond electrode is mainly attributed to the non-polar nature
of the surface due to hydrogen termination and a depressed density of electronic states at the Fermi level. However,
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wehaveearlierdemonstratedthatthediamondelectroderetainsitshighsensitivityfordopaminedetectionevenafter
severeoxidation in alkaline conditions (ref. 8). In another recent study, we have shown that anodic oxidation of
diamond does not alter its background voltammetrie behavior (ref. 4). Although the presence of oxygen-containing
functional groups on the glassy carbon surface is believed to be partly responsible for its high background current,
surface oxygen does not seem to play a major role in the case of diamond in determining the background current.
We believe that the lack of porosity, even at the sub-nanometer level, rather than the oxygen content, is the main
factor contributing to the tow background current for diamond. Diamond being highly resistive to electrochemical or
chemical oxidative attack does not acquire significant porosity after oxidative treatment. These treatments only
appear to change the surface termination. This is a unique property of the diamond electrode, which allows it to
exhibit very low background current.

Figure 3 demonstrates the utility of diamond as an electrochemical detector for pesticide analysis in high
performance liquid chromatography (HPLC) system. A mixture of five pesticides (100 [.tM each except dichloron,
which is 25 gM) was detected at diamond electrode alter HPLC separation. An experimental detection limit of 200
nM was obtained using this electrode. The electrode exhibited excellent stability with low background currents.

.g

r..)

Met
I

I

ayl benzimidazole

Carbofuran

Time (min)

Figure 3 Chromatogram obtained using diamond detector after HPLC seperation of various carbamate
pesticides (100 gM) each and dichloron pesticide (25 gM).

Detection of Nitrite

We have also shown the analytical utility of diamond electrode for the detection of nitrite and nitrogen
oxides (ref. 9). The detection of nitrite in environmental and biological samples is important. In eleetrochernical
analysis, modified glassy carbon electrodes are usually used to increase the sensitivity and improve the stability. In
case of diamond, due to its inert nature, it does not require any surface modification for the nitrite detection. Figure
4 shows the flow injection analysis data obtained using diamond electrode. The hydrodynamic voltammogram
shown in Fig. 4a shows a peak at 1.15 V vs Ag/AgC1 with the maximum signal to background ratio. Therefore the
flow injection analysis was carried out by holding the electrode potential at 1.2 V vs ag/AgC1 with phosphate buffer
as the mobile phase. Repetitive injection of nitrite stock solutions with various concentrations yielded the data
shown in Fig. 4b. The response for 1 gM was repeatedly tested to check the reproducibility. As shown in Fig. 4b,
the traces are very reproducible with a relative standard deviation of 1.65 %. This figure also shows the response for
50 nM nitrite. The high quality of signals obtained for 50 nM suggests that significantly lower concentrations could
be measured using diamond electrode.
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Figure 4. (a) S/N variation as a function of the applied potential (data obtained from hydrodynamic
voltammogram) for nitrite detection by flow injection analysis. (b) Electrochemical response for 20 _tL
injections of I gM and 50 nM nitrite in 0.1 M phosphate buffer, at an applied potential of 1.15 V vs

Ag/AgCI.

Detection of Chlorophenol

Chlorophenot (C1P) detection using diamond electrodes is another interesting study. Phenol and
substituted phenols such as chlorinated phenols and related aromatic compounds are known to be widespread as
components of industrial waste. Most of them are carcinogenic and their presence can be harmful for life in general.
Therefore, phenols are considered to be priority pollutants by the US EPA (Environmental Protection Agency).
CIPs also in flue gas from waste incinerators are noted as the precursors of polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/F).

Although organic compounds related to phenols in general can be oxidized at numerous electrode materials, the
oxidation of phenolic compounds at solid electrodes produces phenoxy radicals, which couple to form a passivating
polymeric film on the surface of the electrodes (re£ 9). However, highly boron-doped diamond electrodes have
recently received a great deal of attention, particularly for electroanalysis, owing to their unique electrochemical
properties. In this present study, anodically oxidized diamond surface has been shown to be very stable and
sensitive for ehlorophenol detection. Electrochemical anodic pretreatment is known to change the diamond sin-face
from hydrophobic to hydrophilc by introducing oxygen functional groups on the surface. Earlier we have shown
that anodically pretreated diamond is suitable for selective detection of dopamine in the presence of large amount of
aseorbic acid, as the oxidation potential shifts to more positive potentials relative to dopamine oxidation potential
at the pretreated electrode (ref. 8).

Figure 5a shows the cyclic voltammograms for the first and fifth scans for 5 mM 2,4 dichlorophenol at
anodically oxidized diamond. In this ease the as-grown diamond electrode was treated anodieally at 2.64 V vs. SCE
for 4 rain. The anodieally treated diamond has become hydrophilie fi'om hydrophobic. It is interesting to note that
the voltammetric peak current does not decrease significantly after 5 thscan even at high chlorophenol concentration.
This result is in contrast to that at as-grown diamond or glassy carbon where the electrode fouled just after second
scan. The unique stability of diamond electrode is not clear yet, however, the polar oxygen functional groups
generate by oxidation probably repel the phenoxy radicals generated during phenol oxidation.

Figure 5b shows the FIA results for 100 repetitive injections of 5 mM 2,4 dichlorophenol at glassy carbon
elecla'ode and anodized diamond electrode. The detection potential was 1.2 V for glassy carbon while at anodized
diamond 1.4 V was chosen as an optimum faradaic response from hydrodynamic voltammetry (not shown). A
highly stable detection peak is observed when anodized diamond is used, the relative standard deviation (R.S.D.) of
the peak heights is 2.3 % and the decrement is 10 %. In contrast, repetitive injections of coneentrated 2,4
dichlorophenol at glassy carbon results in a 70 % reduction of the peak height. The value of R.S.D. in the peak
height ranges from 30 % to 40 %. After this durability experiments, we could be clearly visible to the naked eye the
passivating layer on the surface of glassy carbon. These results clearly demonstrate the outstanding stability of
diamond electrode for ehlorophenol detection.
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Figure 5 cyclic voltammograms for the first and fifth scans for 5 mM 2,4 dichlorophenol at anodically
oxidized diamond.

Metal-modified Diamond for Glucose Detection

Diamond electrodes also act as inert supports for metal catalysts. We have succeeded in modifying diamond
electrode with metal particles such as Cu and Ni in view of its applications to glucose (carbohydrate) detection.
Electrochemical detection of carbohydrates is very attractive due to the possibility of high sensitivity and wide
dynamic range. Metal electrodes such as nickel and copper are known to oxidize carbohydrates in alkaline solution.
The advantage of Ni and Cu electrodes is that they produce quite stable responses. These electrodes have been
widely used in liquid chromatography and capillary electrophoresis. However, dispersion of metallic particles
within an organic polymer or simply on an inert surface results in a drastic increase in the catalytic activity and
sensitivity of the electrode (ref. 10). A stable, inert electrode with low background current would be the best choice
for the deposition of metal electroeatalysts. Glassy carbon (GC) electrodes lack some of these requirements, with
additional problems such as weak adherence of the metal particles to the substrate. Conductive diamond films
appear to be well suited to overcome these problems (ref. 11).

Ni-diamond was prepared by depositing 100 I.tL of 10 mM Ni(NO3)2 solution on the surface of the
diamond, drying at 30 °C for more than 8 hours and washing with purified water. The electrode was
electrochemically conditioned in 0.2 M NaOH by cycling the potential between 0.0 and +0.8 V (vs SCE) until no
further increase in the anodic peak current at +0.48 V vs SCE was observed. The significance of this peak is
discussed below. Cu-diamondwas prepared by single step potentiostatic deposition of Cu on the diamond surface in
50 mM H2SO4 solution containing 1 mM CuSO, The deposition was carried out at -0.12 V vs SCE for 22 mill.
Prior to copper modification, the diamond surface was pretreated electrochemically at +2.0 V (vs SCE) for 1 hour in
0.1 M NaOH solution. Such an oxidative pretreatment was necessary to achieve strong adherence of Cu particles.
Oxidative treatment is known to improve the adherence of the diamond surface by making it to hydrophilie. In the
case of Ni-diamond, this treatment showed no effect. The amount of metal deposited on the diamond surface was
estimated to be 25 Ilg/em 2 for Ni and 30 I.tg/em 2for Cu.

Figure 6a shows a linear sweep voltammogram obtained for a bare diamond electrode in 0.2 M NaOH
solution containing 1 mM glucose. No Faradaic response was observed within the potential window. Furthermore,
the background current was very low, as mentioned previously. However, Ni-diamond produced a peak-shaped
voltammogram even in the absence of glucose, as shown in Figure 6a. As previously reported, the anodie and
cathodic peaks at +0.48 and +0.36 V vs SCE, respectively, earl be attributed to the Ni (II)/Ni (III) couple. A
significant increase in the anodic peak current at +0.48 V is observed in the presence of 3 mM glucose. The
voltammograms obtained in the presence of glucose were very reproducible. The voltamrnetrie response of Cu-
diamond is very similar to that of Ni-diamond, except that the oxidation occurs at 0.58 V vs SCE.
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Figure 6 (A) Cyclic voltammograms for 3 mM glucose at bare (a) and Ni modified (c) diamond electrodes in
0.2 M NaOH. Curve b is voltammogram for blank solution for Ni-diamond electrode. (B) Amperometric

response of a Ni-diamond for repetitive injections of I mM glucose in flow injection analysis system at 0.45
V vs Ag/AgCI.

Figure 6B shows the amperometric response of Ni-diamond for 20-gL injections of 1 mM glucose, with
30 mM NaOH as the mobile phase. A highly reproducible response, with a peak variability less than 3% (n =11)
was observed. The operational potential of +0.45 V vs Ag/AgCI was selected from the hydrodynamic
voltammogram for these measurements. In the ease of Cu-diamond the operational potential was +0.625 V. The
background current for Ni-diamond in Figure 6 is as low as 100 nM, which enables the detection of glucose to be
carded out with high sensitivity. This value is at least one order of magnitude lower than that for the bulk Ni
electrode, with the response for glucose also being higher for the modified diamond electrode. Both Ni-diamond and
Cu-diamond showed excellent stability for one week with regular use. Experiments to examine long-term stability
are in progress. Under similar conditions, metal-modified glassy carbon electrodes were stable only for one day due
to adherence problems. Thus, diamond appears to provide a highly suitable substrate for metal modification.
However, it should be noted that highly alkaline conditions (pH _>12) are necessary to achieve high sensitivity.
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ABSTRACT

Boron-doped conductive diamond films applied as electrode material exhibit unique properties in

electrochemical processes. Beside the inherent extreme chemical stability of diamond, even at high doping levels, in

particular the high overpotential for water decomposition opens new opportunities for improved and also new

electrochemical processes. To investigate conductive CVD diamond for electrochemical processes under laboratory

as well as industrial conditions we developed large-area conductive DiaChem ® deposition on a variety of electrode

substrate materials. DiaChem ®electrodes with different geometries and dimensions have been fabricated using hot-

filament diamond CVD with deposition areas up to (40 x 50) cm 2. Electrical resistances are in the range of (5-100)

m_cm using in-situ doping with diborane or trimethylboron, respectively.

The extreme chemical stability of DiaChem ® electrodes is demonstrated by high current density testing. In

these experiments the electrodes are loaded with increasing current densities up to 10 A/cm 2 in sulfiaric acid over

several months without degradation of the electrode performance. Electrochemical cells with DiaChem ® electrodes

have been used for treatment of industrial wastewater, synthesis of inorganic chemical products and in electroplating

processes. In all tests conductive diamond exhibits superior effectiveness and energy efficiency compared to

conventional electrode materials. The results are promising for the transfer of DiaChem ® electrodes into the market.

Keywords: large-area hot-filament CVD, diamond electrodes, electrochemistry, applications

INTRODUCTION

Diamond is known for its extreme chemical stability. The considerable increase of availability of diamond due

to the activated chemical vapour deposition (CVD) techniques for polycrystalline films (ref. 1) thus made CVD

diamond attractive for applications in electrochemical processes with severe demands on electrode stability. To

apply CVD diamond as an electrode material for electrochemical processes, it has to be doped to achieve the

necessary electrical conductivity. In the diamond CVD process sufficient conductivity can easily be realised by in-

situ doping with a boron precursor in the activated gas phase. Despite high doping levels of up to a few thousand

ppm the diamond coatings retain the extreme chemical stability ofundoped CVD diamond. It has been

demonstrated, that diamond coated electrodes show no significant corrosion even under high electrochemical load

(refs. 2 and 3). Also, no degradation of the electrochemical performance could be observed for operation in solutions

of NaF and concentrated nitric (ref. 3) or concentrated sulphuric acid (ref. 4), respectively. Even loading with high
• . -2

current densmes of 2 to 10 A cm for several months, the electrochemical activity of these diamond electrodes

remains unaffected in contrast to conventionally used carbon electrodes (ref. 5).

Besides the extreme electrochemical stability the extraordinary high overpotentials for water electrolysis (ref. 6)

is the most striking property of diamond electrodes. It opens new opportunities for electrochemical processes in

water treatment, electrochemical synthesis and electroplating. However, in order to exploit these opportunities,

conductive diamond coatings have to be available for large-area electrodes and also on various geometries. We

therefore developed large-area hot-filament chemical vapour deposition (CVD) of doped polycrystalline diamond
• • 2 .....

films on planar deposmon areas of up to 0.5 m and on flexible geomemes for coating metalhc and ceramic
• ® ....

substrates to produce DmChem electrodes. These have been investigated on laboratory scale using specific model

systems and in electrochemical test systems on industrial sides.
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PRODUCTIONOF DIACHEM ® ELECTRODES

The technology for the production of DiaChem ®electrodes has been developed in a co-operation between

Fraunhofer IST, Germany, and CSEM, Switzerland. DiaChem ® electrodes with reproducible electrochemical

properties are fabricated on metals (e.g. Nb, Ta, Ti, Mo, W, Zr), silicon, ceramic and graphite base materials by a

large-area hot-filament chemical vapour (HFCVD) process (see figure 1)

 ::!iii iii;ii' i i i iiiiiiiiii ili iiiiiiiiiiii

i::::::::i:!...... :

Figure 1: Hot-filament diamond CVD system for fabrication of large-area DiaChem ® electrodes (left) and
selection of DiaChem ® electrodes demonstrating the variety of forms and dimensions used.

Technical electrode materials are used for the preparation of metal-based DiaChem ® electrodes. The electrodes

are preconditioned by sand blasting for increasing surface roughness. The increased roughness promotes diamond

adhesion and increases the electrochemical active surface area. Awet cleaning process is used to remove debris from

the sand blasting process. Subsequent ultrasonic seeding is performed in a suspension of diamond powder in
alcohol. After seeding the metal substrates are cleaned with ultra pure water before diamond deposition. In the case of
Ti-based electrodes, which are very common in industrial electrochemistry, additionally a conducting carbide layer

at the interface is formed prior to diamond deposition to avoid embrittlement and phase transformation by hydrogen

diffusion and incorporation during the diamond deposition process (ref. 7).
Because of porosity graphite substrates used for electrodes have a high surface area, which interacts with atomic

hydrogen in the activated gas phase. The resulting graphite etching might deteriorate the substrate surface and also
contribute to the carbon content in the gas phase in an undefined way. Therefore, graphite electrode substrates were

electroplated with a thin (10 50 nm) Au or Pt interlayer prior to seeding and cleaning like the metallic substrates.

The technical metal as well as graphite electrode substrates were coated with 1 10 gm thick conductive diamond
films.

For silicon-based diamond electrodes the preconditioning and diamond deposition differ from that of the

technical metal and graphite substrates. No surface roughening is performed and an etching step with diluted HF

solution is added. The smooth Si surfaces of the conductive silicon wafers (0.1 _cm and 1 m_cm, Siltronix) used,

are coated with diamond films in the thickness range of 0.1 gm to 1.5 gin. The Si-based DiaChem ® electrodes are

preferable for sensor applications and in electrochemical cells with electrode stacks which are sensitive to the distance
between the electrodes.

The diamond deposition process is consisting of the controlled steps of heating, diamond deposition and

cooling. Typical deposition parameters for the fabrication of DiaChem ® electrodes are:

• filament temperature (2200 °C 2600 °C measured with an optical pyrometer),

• substrate temperature (700 °C 925 °C measured by a thermocouple in a dummy substrate)

• total pressure (10 50 mbar),

• gas phase composition (0.5% - 2.5% cn4 and 10 200 ppm diborane in H2)

Typical growth rates for the boron-doped diamond coatings are between 0.2 gm/h and 1.2 gm/h. Differences in

growth rates are predominantly influenced by the substrate temperatures, which differ depending on substrate

materials. After diamond growth the DiaChem ® electrodes were cooled to room temperature under pure hydrogen gas

flow. All deposition-related steps are performed with a programmable control unit for automatic process control to

ensure reproducibility. Examples for DiaChem ® electrode types are presented in figure 1, demonstrating the variety

of electrodes used for electrochemical testing.
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Forthetechnicalelectrodesubstratesthesurfaceroughnessofseveralgmrepresentstheroughening
preconditioning.Thisroughnessissuperimposedbythediamondfilmroughnesswhichdependsonthefilm
thicknessandtheboronconcentrationinthefilm.Withincreasingborondopinglevelssmallerdiamondgrainsizes
andhighergraindensitiesareobserved.Forhighborondopinglevelsthediamondgrainsizeisbelow1gmeven
forseveralgmfilmthicknessduetosecondarynucleationpromotedbyboronincorporation.

Secondaryionmassspectrometry(SIMS)characterisationrevealsnegligibleamounts(below1ppm)offilament
materialinthediamondcoatings.Additionalhydrogenincorporationofabout1%istypicalforCVDdiamond
films.Boronconcentrationsinthefilmarebetween500ppm 8000ppmresultinginelectricalresistancesbetween
0.1_cmand0.05_cm.Theborondopingaswellasimpuritylevelsareconstantthroughthewholediamondfilm,
thusdemonstratingtheaccuracyofthedepositionviaautomatedprocesscontrol.Ramanspectraaredominatedby
thesharpdiamondpeakintherangefrom1332cm-1to1340cm-1.NoRamanfeaturesofnon-diamondcarboninthe
regionof1450cm-1to1600cm-1arevisible.Forfine-grainedcoatingsathighdopinglevelsaweakpeakfor
submicrondiamondgrainsat1140cm-1isobserved.Additionallyabroadpeakatapproximately1200cm-1becomes
visible.Accordingtoliterature(seee.g.refs.8to9)thispeakiscausedbyincreasingdisorderinthediamond
crystallitestructureduetotheincorporationofboron.

ELECTROCHEMICAL PROPERTIES OF DIAMOND ELECTRODES

The electrochemical behaviour of diamond electrodes is influenced by the type and concentration of the dopant,

the primary crystallographic orientation, the presence of non-diamond amorphous carbon phases and the surface

termination (H or O) (ref. 10). Cyclic voltammograms are used as a standard electrochemical characterisation for

diamond electrodes. These voltammograms are performed in a conventional EG&G Parc three electrode flat cell

using a ZAHNER electric IM5d potentiostat, where the diamond electrode was used as working electrode, Pt or Zr
as counter andAg/AgC1 (sat. NaC1) as reference electrode. In 0.5 M H2SO4 metal-based DiaChem ® electrodes

exhibit electrochemical overpotentials of up to 2.8 V for oxygen generation (anodic operation modus) and about
.... ®

1.0 V for hydrogen evolution (cathodic operation modus). Thus DlaChem electrodes are able to produce strong

oxidants like ozone (oxidation potential 2.07 V) and even hydroxyl radicals (oxidation potential 2.80 V) without

unacceptable energy loss by the generation of oxygen. However, cyclic voltammogram investigations showed, that

for anodic operation a preconditioning by anodic polarisation in 1 M H2SO4 with current densities of 50 mA/cm 2 for

at least 30 min is necessary to ensure stable and reproducible operation (ref. 11).

The extreme electrochemical stability of preconditioned electrodes is demonstrated by operation in 1 M H2SO4
-2 ..... ®

at 10 A cm for more than 750 h. During these severe operation conditions, Nb-based DlaChem electrodes showed

no degradation in their electrochemical performance for several weeks or thousands ofAh cm -2.

ELECTROCHEMISTRY WITH DIACHEM ® ELECTRODES

DiaChem ® electrodes have been investigated applying well defined electrochemical model systems in the

laboratory and in industrial testing at end-users to identify relevant fields for technology transfer to industrial

applications. Promising areas are water treatment, electrochemical synthesis and electroplating. In the sections

below, a selected representative example for each field of application is discussed.

Water treatment

The preservation of resources, especially water, is one of the major environmental issues for furore technological

development. Biological treatment of water for the removal of organic load - characterised by COD (chemical oxygen

demand) - is well established and relatively cheap. However, biological treatment techniques are slow and not

suitable for all pollutants. For polluted waters, which are difficult to treat with biological methods, Advanced

Oxidation Processes (AOP) have been developed (ref. 12). The basis of AOP is the total mineralisation and

decomposition of organic pollutants by hydroxyl radicals with the highest oxidation potential for an effective

oxidation process. Economical and efficient oxidation rates for industrial water treatment, however, require

appropriate anode materials. As the electrochemical overpotential of DiaChem ® anodes and the chemical stability are

higher than for any other electrode material, the production of hydroxyl radicals is extremely energy efficient and

reliable. The high current efficiency and the effectiveness with respect to the kind and amount of organic pollutant

has been demonstrated for a variety ofwastewaters from different industries. One representative example for this

electrochemical advanced oxidation process (EAOP) with DiaChem ® electrodes is shown in figure 2.
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Figure 2: Reduction of the organic load, represented by the chemical oxygen demand (COD), of a dye
• • ®

containing wastewater applying an electrochemical advanced oxidation process with DlaChem electrodes•

For the investigation of EAOP water treatment on a larger scale, a pilot system with a monopolar flow cell has

been constructed. The system includes a stack of diamond grid electrodes at a distance of 4 mm and an active

diamond area of 1 m 2. First investigations on 500 1 ofwastewater from the automotive industry have been

performed. The system was operated at flow rates from 500 1/h to 2400 1/h. The EAOP yields a maximum average

current efficiency of 65% for the COD reduction from 3200 mg O2/1 to 400 mg O2/1 at a flow rate of 2000 1/h. During

several weeks of oxidation the properties of the DiaChem ®electrodes have not been affected.

Besides the high energy efficiency and effectiveness there are other features of EAOP for water treatment, which

have to be considered. Even for DiaChem ® electrodes a sufficient production of hydroxyl radicals occurs only under

conditions of simultaneous oxygen evolution, resulting in effective, but non selective oxidation. Furthermore, the

extreme high oxidation potential of hydroxyl radicals yields unspecific side reactions for example formation of

nitrate, chlorate or AOX, which have to be considered in the construction of EAOP systems for water treatment. A

decrease of current efficiency for low COD values due to mass transfer limitations is often observed. This effect may

be solved by the optimisation of the cell design in cases where a complete destruction of the pollutant is necessary.

Electrochemical synthesis
• • • ®

Because of the high overpotential for water decomposition DiaChem electrodes, operated in the anodic mode,

are very suitable for the electrochemical synthesis of oxidants like ozone and peroxide compounds. These oxidants

are widely used as initial products in chemical industry. In figure 3 a comparison of the economic performance
• • ® • • •

between conventionally used Pt electrodes and DiaChem electrodes is shown. For the production of ammonium
.... ® •

peroxodisulfate, performed in a test system at an end-user, the efficiency of DiaChem electrodes with respect to
o

production rate per electrode area is increased by roughly 25 _ for high current densities. Furthermore, in contrast to
• ® .....

Pt electrodes, DiaChem electrodes can be operated at lower current densities. This operation results in lower energy

consumption levels and even higher production efficiency. This considerable increase in electrode performance will

reduce production costs and also may contribute to the environmentally beneficial energy saving.

Additional advantages of DiaChem ®electrodes have been observed for the production ofperoxodisulphuric acid

from sulphuric acid (ref. 13). Compared to conventional Pt electrodes the production process can be operated with

much lower concentrations of sulphuric acid at acceptable efficiencies. This will reduce handling cost for sulphuric

acid on production level. Also, the purity of the initial products is higher in the case of DiaChem ® electrodes due to

the reduction of by-products by avoiding additives and reducing the oxygen production. DiaChem ® electrodes are

now investigated for long-term performance in technical systems at different industrial sides for the production of

persulfate, perchlorate and periodate, respectively.
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Electroplating

In a variety of processes DiaChem ® electrodes have been tested against conventionally used lead or mixed metal

oxide (MMO) electrodes in the production environment of electroplating industry. DiaChem ®electrodes have been
VI.

used for example for the oxidation of Cr III to Cr in chromic sulphuric acid applied for etching ABS plastics.

Compared to MMO electrodes an increase of efficiency with respect to the electrode area by a factor of about 5 at a

simultaneous reduction of processing time by a factor of 2.5 is observed (figure 4). This considerable improvement

of the economics is especially interesting when considering the increased use of ABS plastics.
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Figure 4: Comparison of electrode area efficiency and processing time for the oxidation of Cr to Cr vI in
.... ®

chromic sulphurlc acid for DlaChem electrodes and conventional MMO electrodes•

DiaChem ®oxidation anodes are also investigated in combination with MMO working electrodes for the

development of lead-free chromium electroplating processes In conventional electroplating chromium oxidation is

achieved by introducing ecological critical Pb into the process An additional aspect is the recycling of electroplating

baths where the decomposition of organic or cyanide additives is required DiaChem ®electrodes are highly efficient

for destruction of cyanides in different wastewater Cyanide has also been decomposed when bound in a complex

molecules, as demonstrated by the complete cyanide reduction in solutions containing K4[Fe(CN)6]

CONCLUSIONS

The development of large-area hot-filament activated CVD processes with in-situ boron doping via gas phase

precursors and automated process control resulted in reproducible deposition of conductive diamond films on areas of
2 ........

up to 0.5 m and also on three dimensional shapes. The reliability of these coatings on conventional electrochemical

electrode materials is sufficient to transfer the CVD diamond technology into electrochemical industry. The
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• ®

electrochemical performance o f DlaChem electrodes is highly promising with respect to effectiveness and energy

efficiency. Laboratory as well as industrial testing revealed electrochemical wastewater treatment, electrochemical
..... ® . . .

synthesis and electroplatlng as application fields for DlaChem electrodes. To exploit the opportunities of the new
• ® .... ® ....

DlaChem electrodes in these fields, industrial DlaChem -based systems for the various specific application

requirements have to be developed in co-operation between electrode producers, system manufactures and end-users.
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ABSTRACT

The electrochemical properties of sulfur-treated diamond were explored. Growth of diamond with H2S present

in the source gases and treatment of diamond in the absence of growth with a sulfur-containing plasma were

performed. In both cases, Mott-Schottky analysis showed evidence of donor centers. Measurements of open-circuit

potentials in the presence of UV irradiation and measurements of the thermoelectric effect also showed n-type

conductivity. The presence of sulfur was confirmed by particle induced x-ray emission (PIXE). The donor activity

of the sulfur may arise from surface states or grain boundaries rather than sulfur incorporated substitutionally into

the bulk of the diamond. Preliminary evidence indicates that boron may facilitate the attachment of sulfur onto the

growing diamond surface and hence aid its incorporation into diamond.

Keywords: Diamond films; n-type conductivity; Sulfur-doping; Mott-Schottky plots

INTRODUCTION

Boron has long been used as a p-type dopant in diamond, but a viable n-type dopant remains elusive. For n-

type conductivity, several substitutional impurities have been investigated. Nitrogen is a deep thermal donor at 1.6

eV below the conduction band; phosphorus has a donor level about 0.6 eV below the conduction band and a

mobility of 100 cm2/V-s (ref. 1). Recently, sulfur has been reported to give n-type conductivity (refs. 2,3).

However, other measurements have indicated that the samples contained boron and were p-type (ref. 4). The

experiments described here were motivated by the possibility of co-doping diamond with boron and sulfur to

produce n-type conductivity.

EXPERIMENTAL

Growth experiments

In this work, diamond films were grown in an ASTeX microwave reactor using H2S as the sulfur source. The

methane concentration ranged from 0.1 - 0.4%; the S/C atomic ratio from 15 to 20,000 ppm. In some experiments,

co-doping of sulfur and boron was attempted by including trimethylboron (TMB) in the source gases. Single crystal

diamond with { 111 }, { 110}, { 100} faceting and n-type silicon wafers were used as substrates. The gas flow was

200 sccm, the pressure was 25 torr, and the microwave power was 1020 W. Substrate temperatures were measured

using an optical pyrometer (Williamson 8220C) and ranged from 700 to 750°C. The samples were analyzed for

sulfur by Secondary Ion Mass Spectroscopy (SIMS) and Particle-Induced X-ray Emission (PIXE). Gold-capped

titanium contacts were annealed under vacuum up to 400°C for two hours to create ohmic junctions when required.

Electrochemical measurements were conducted in a cell filled with 0.5 M H2SO4 electrolyte solution, using a

Ag/AgC1 reference electrode. Differential capacitance measurements were conducted with an EG&G Instruments

Potentiostat, Model No. 283, and EG&G Instruments Frequency Response Detector, Model No. 1025.

The growth experiments proceeded in two distinct stages. Prior to the first set of growth experiments, the

chamber was dismantled, cleaned, and reassembled. In the first set of experiments, no boron was used in the feed

gas, and it is believed that there was no significant amount of boron in the reactor. Analysis by SIMS of diamond

grown in the reactor showed no increase in boron concentration above background levels. PIXE analysis of

* Email: sce@pc,cwru.edu, Phone: 216-368-2648, Fax: 216-368-3016
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diamondsamplesgrownundertheseconditionsgavenodetectablesulfur-incorporationwhenHzSwasincludedin
thesourcegas.Additionally,mostsamplesweretooresistiveforelectrochemicalmeasurements.

Thesecondsetofexperimentsbeganafterboron(asTMB)wasintroducedtothereactor.Thereactorwasnot
disassembledandcleanedbetweentheserunssotherewerelowlevelsofboronpresentevenwhenTMBwasnot
addedtothesourcegases.ResidualgasanalysisshowedthepresenceofBH3inrunsdoneintheabsenceofTMB.
Inthissecondsetofruns,i.e.,afterboronwasintroducedtothereactor,sulfurcouldbeobservedbyPIXE.SulfuJc
wasobservedindiamondgrownon{111}, {110},and{100}surfaces.Figure1showsaPIXEanalysisfora{110}
sample.

WhenTMBandHzSarebothusedin thefeedgases,theresultingdiamondfilmsarep-type.TheMott-
Schottkyplotsshowanegativeslope,indicativeofp-typecarrierswithanon-compensatedacceptorconcentration
rangingfrom1018to1021cm-3.A representativeexampleisshowninFigure2,whichhasaflat-bandpotentialat
0.43Vvs.Ag/AgC1.Thisflatbandpotentialisabout1Vmorenegativethanisobservedondiamondgrownwithno
sulfuJcpresentin thesourcegas.(SeeFigure5.) If TMBwasnotaddedtothefeedgas,thenthesamplesgrown
usingHzSaregenerallyn-type.TheMott-Schottkyplotsshowapositiveslope,whichdenotesn-typeconductivity.
Theslopesindicateddonorconcentrationsthatrangedfrom1014to1021cm-3.ArepresentativeMott-Schottkyplot
ofoneofthesesamplesisshowninFigure3.
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Figure 1. PIXE results:

counts in arbitrary units

versus energy in keV. H-ion

energy was 3 MeV with a

22.5 ° incident angle. The

sulfur peak occurs at 2.31
keV. The substrate was a

(110) diamond. Growth
conditions were S/C atomic

ratio in the gas phase of

1250 ppm, a methane
concentration of 0.2% and

residual boron in the

reactor. Film thickness was

14 microns.
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Figure 2. Mott-Schottky plot,
C 2 vs. E, from a (111) diamond
surface. Growth conditions

were S/C atomic ratio in the gas
phase of 2500 ppm, a B/S atomic
ratio of 0.4, and methane
concentration of 0.2%. The

negative slope indicates p-type
conductivity. The number of

l acceptors, NA, is 5 x 1021 cm3.

i The electrolyte is 0.5 M H2SO4.
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Figure 3. Mott-Schottky plot,
, C 2 vs. E, from (110) diamond

surface. Growth conditions
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,-,,_., :_::,:; : _. /; ::: : ppm, methane concentration

of 0.2% and residual boron in

_ ::: :; , the reactor. The positive slope

• i ...... _ : ', indicates n-type conductivity.
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0.5 M H2SO0.d
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Plasma treatment experiments

Other experiments were performed in which diamond substrates were treated in an H2/H2S plasma at 25 torr for

12 hours without CH4 in the feed gas. There were some residual hydrocarbons in the growth chamber however.

These samples exhibited some of the same electrical properties as samples in which diamond growth occurred in the

presence of H2S. For example, a virgin diamond macle treated for 12 hours with a hydrogen plasma containing 13

ppm H2S gave an n-type Mott Schottky plot with a donor concentration of about 1021 cm -3. This is shown in Figure

4.
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Figure 4. Mott Schottky plot, C 2 vs. E, from a virgin diamond macle (111) surface treated with a H2/H2S

plasma containing 13 ppm H2S for 12 hours.

Treatment of boron-doped diamonds with a sulfur containing plasma was also performed. A Mott-Schottky plot

from a typical heavily boron-doped diamond is shown in Figure 5. The slope indicates p-type conduction with an

acceptor concentration of 2x1019 cm-3; the intercept gives a flat band potential of about 1.3 V vs. Ag/AgC1. The

macle of Figure 5 was then treated under a H2/H2S plasma for 12 hours; the results are shown in Figure 6. The

maximum at _ 0.6 V vs. Ag/AgC1 was reproducible and has been seen in other samples. This type of behavior has

been observed in other systems by others and can arise from several causes: the presence of rapid surface states

located in the band gap (ref. 5) or the presence of more than one donor or acceptor level.

Other Measurements

The response of the open-circuit photo-potential under ultraviolet illumination at 254 nm was also tested and

these experiments confirmed the Mott-Schottky results. Samples that showed n-type Mott-Schottky behavior had a

negative shift in the open circuit photo-potential and p-type samples had a positive shift as expected.
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Figure 5. Mott-Schottky plot, C 2 vs. E, from a heavily B-doped diamond film grown on a (111) diamond
macle surface. The number of acceptors, NA, is 2.3 x 1019 cm 3. The electrolyte is 0.5 M H2SO4.
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Figure 6. Mott-Schottky plot of macle from Figure 5 after treatment in a H2/H2S plasma containing 13 ppm
H2S for 12 hours. The electrolyte is 0.5 M H2SO4.
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Measurements of the sign of the thermoelectric effect were also performed. These measurements were done

using a two-point probe in which one of the probes was heated several tens of degrees above room temperatuace by a

very small resistance heater wound around the probe. Both probes were tungsten. The sign of the thermoelectric

effect was determined by measuring the voltage deflection when the heater was turned on. The system was tested

using known samples of n-type and p-type silicon and with pure copper metal. For the n-type silicon samples, the

cool probe was negative relative to the warm probe; for p-type samples the cool probe was positive relative to the

warm probe. Copper gave no detectable signal. All diamond samples that showed n-type Mott-Schottky plots also

showed n-type thermoelectric effect; all p-type diamond samples showed a p-type thermoelectric effect.

DISCUSSION OF RESULTS

The results can be summarized as follows. Sulfur incorporation, in or on diamond, was enhanced by the

presence of boron. Secondly, n-type behavior was only observed when sulfur was used, either during growth or in a

post-growth plasma treatment, and when only residual amounts of boron were present in the reactor. The

observation of n-type conductivity following plasma treatment with sulfur in the absence of appreciable growth is

indication that surface states or near-surface structures play a role in the observed n-type behavior. This does not

preclude the possibility that donor centers may also arise from substitutional sulfur or sulfuac at grain boundaries.

Recent calculations by Albu (ref. 6) indicate that substitutional S and substitutional BS centers are deep donors, with

levels that each lie about 1.5 eV below the conduction band.

The co-doping experiments with boron and sulfur were motivated by elementary strain energy considerations

that suggest that the smaller boron atom may facilitate the incorporation of the larger sulfur atom into diamond.

Also, gas-phase equilibrium calculations and Langmuir adsorption calculations show that the sulfuac concentration on

the growing surface is increased by the presence of boron. These calculations indicate that gas phase radical species

such as BS and BS2 can increase the sulfur concentration on the surface by up to two orders of magnitude by

bonding to diamond surface radicals.

In the second group of experiments, residual boron was present in the reactor even when TMB was not added to

the source gases. The wide variation in the observed number of donors may be due to different levels of

compensation of the sulfur by the residual boron. Two boron atoms are required to compensate doubly ionized

sulfur; however, boron is more easily incorporated into diamond than sulfur.

It should be noted that in some cases the doping levels in the diamond may have been too high to meet the

assumptions inherent in the Mott-Schottky analysis. Also, as noted, surface states can influence the results.

Therefore, the values of the carrier concentrations obtained from the plots must be treated as approximations.
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ABSTRACT

Homoepitaxial growth of boron-doped CVD diamond films was carried out on (100) and (111) oriented
substrates. Atomic resolution images were obtained for both (100) and (111) surfaces using scanning tunneling
microscopy. STM images reveal the presence of a 2xl-monohydride reconstruction for the untreated (100) surface
and a lxl reconstruction for the untreated (111) surface. No other atomically resolved reconstructions were
observed under a wide range of growth conditions. Non-aqueous electrochemical investigations were carried out on
the films exhibiting atomically resolved reconstructions. Evidence for potential-induced surface-reconstruction and
surface chemical modification of the (100) 2xl-monohydride surface has been observed.

Keywords: Homoepitaxial, STM, Electrochemical Modification, Diamond, Surface Reconstruction
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ABSTRACT

Effects of crystal structure on the electrochemistry of boron-doped high-temperature-high-pressure diamond

crystals grown from a Ni Fe C melt are studied. The boron concentration in the batch was 0.01 to 0.1 wt. %. On

the { 111 }, {100}, and {311 } faces, the impedance-spectroscopy measurements were performed and the kinetics of
• . 3-/4-

redox reactions in the Fe(CN)6 system were evaluated. The HTHP single crystals closely resemble

polycrystalline CVD films in their electrochemical properties. In particular, the electrodes' equivalent circuit

includes a constant phase element. The non-compensated acceptor concentration in the semiconductor diamond was

determined from Mott--Schottky plots and by the nonlinear impedance measurements; it varied in the 1016 to 102°
-3

cm range. The difference in the electrochemical behavior of individual faces can be tentatively put down to different

boron concentration in the growth sectors associated with the faces, resulting from the different ability of the

diamond crystal faces to entrap the boron dopant during growth.

Keywords: diamond single crystals, boron dopant, crystal faces, impedance spectroscopy, electrochemical
kinetics.

INTRODUCTION

Owing to its extraordinary chemical stability, diamond is an attractive electrode material for use in theoretical

and applied electrochemistry (refs. 1 3). Comparative studies of chemical-vapor-deposited single-crystal

(homoepitaxial) and polycrystalline diamond thin-film electrodes, grown by the hot-filament techniques, as well as

amorphous diamond-like carbon electrodes, revealed the role of crystal structure in the electrochemical behavior of

diamond. By comparing the measured values of kinetic characteristics of various redox reactions, it was concluded

that the single crystal and polycrystalline diamond electrodes are similar in their kinetic behavior. Because the wide-

gap diamond-like carbon (assumed to be a model material of intercrystallite boundaries) turned to be inactive as an

electrode, we concluded that the electrode behavior of polycrystalline diamond films is entirely determined by the

diamond crystallites, rather than the intercrystallite boundaries, at least, over a moderate electrode polarization range

(ref. 4). However, at high anodic potentials (just prior to the onset of oxygen evolution) a minor current peak is

observed at potentiodynamic curves taken with polycrystalline electrodes, which cannot be seen with single-crystal
films. The peak was ascribed to the oxidation of sp_-carbon of intercrystallite boundaries (ref. 5).

Our preliminary studies showed that high-temperature-high-pressure single crystals, on the whole, are similar to

the CVD polycrystalline films in their electrode behavior. In particular, both the polycrystalline and single crystal

diamond electrodes are equally characterized by a special type of frequency-dependent capacitance (refs. 6, 7).

In this work our principal attention was focused on studying electrochemical properties of individual crystal

faces of the HTHP diamond single crystals. The acceptor concentration was evaluated by differential capacitance and

nonlinear impedance measurements; the electrochemical activity of the faces, by taking cyclic voltammograms in the
Fe(CN)63-/4- system.

EXPERIMENTAL

1 E-mail: pleskov@electrochem.msk.ru ; Fax: 7 095 9520846; Tel.: 7 095 9554549
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Theboron-dopeddiamondsinglecrystalsweregrownfromaboron-containingNi_e Cmelt,atp,T-
conditionswithinthediamondthermodynamicstabilityrange.Thegrowthwasperformed,usingaseed,bythe
temperaturegradienttechniques,underconditionspreventingnitrogencapturebygrowingcrystals(seerefs.8,9
fordetails).Attheconclusionofsynthesis,thesolidifiedmetalwasdissolvedinaCr207+H2SO4mixtureat
80 100°C,anddiamondcrystalsextracted.Thenear-seedregionofthecrystalsthusobtainedwasthenground-off
mechanically.

Fig. 1. Crystal #168/1 (top view).

The two samples studied are presented schematically in Figs. 1 and 2. The crystal #168/1 (Fig. l) is a cubo-
octahedron depressed along the 3r° order-axis. Its basal plane is a { 111 } growth face. The opposite face was ground

and polished, as mentioned above; its resulting orientation approached { 111 }. The sample's lateral faces make a

combination of {100 } and { 111 } facets of smaller size. Still smaller are the rhombododecahedral [{ 110 }, truncating

the edge between two { 111 } faces] and tetragontrioctahedral [ {311 }, truncating the edge between { 111 } and { 100}

faces]. During the growth process, the batch contained relatively small amount (0.01 wt. %) of boron, which resulted

in a moderate doping level. The growth sectors associated with the octahedral faces, which dominate the crystal

bulk, are colored light-blue (shown gray in Fig. 1).

Crystal #360 (Fig. 2) is a cubo-octahedron with unevenly developed {111 } and {100} faces, which is due to

Fig. 2. Crystal # 360 (top view).

the complicated character of symmetry in the source melt. The boron concentration in the batch (0.1 wt. %) was an

order higher compared to the crystal #168/1. This resulted in a higher doping level; a nearly nontransparent crystal

of dark indigo_lack color was obtained. The coloration is also enhanced by a larger relative volume of the growth

sectors associated with the cube faces, which are known (ref. 10) to be characterized by much higher boron-admixture

concentration as compared to those associated with the octahedral faces.

Ohmic contacts to the rear sides of the crystals were made using silver epoxy. The octahedral, cube, and

tetragontrioctahedral faces were consecutively exposed to the electrolyte, the rest of the crystals' surface being

insulated by high-purity paraffin. Prior to measurements, the working surface was "refreshed" in concentrated HF
solution.
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Thespectraweremeasuredoverthefrequencyrangefrom20Hzto200kHzusinganR-5021acbridge;insome
experiments,withanimpedancespectraanalyzerSolartronmodel1250,equippedwithanelectrochemicalinterface
1286.Theequivalentcircuitcomponentswerecalculatedusingaproceduredescribedinrefs.6,7.Thenonlinear
impedanceoftheelectrodeswasstudiedbytheamplitude-demodulationmethod(ADM).Themeasuringprocedure
consistedinapplyingahigh-frequencycurrentsignal,modulatedinitsamplitudeatalowfrequency,tothecelland
measuringavoltageresponseatthislowerfrequency(ref.4).Thecyclicvoltammogramsweretakenunderlinear
potentialscanning(atascanrateof0.005Vs-l),usingaPI-50-1potentiostatequippedwithaPR-8programming
unitandaPDA-1X--Yrecorder.

Electrochemicalmeasurementswereperformedinathree-electrodecell,withaplatinumauxiliaryelectrodeanda
normalsilver/silverchloridereferenceelectrode(inwhatfollows,allpotentialvaluesaregivenagainstthis
electrode).Thesupportingelectrolytewasa0.5MH2SO4 solution. The measurements were performed at room

temperature.

RESULTS AND DISCUSSION

From the samples' resistivity and the sign of photocurrent and photopotential we concluded that the diamond

under study is a p-type semiconductor. Therefore, we used our experience in the electrochemistry of semiconductors

(ref. 11) in the characterization of the samples with electrochemical techniques.

Shown in Fig. 3 is the complex-plane presentation of an impedance spectrum. It is a semicircle somewhat

distorted at lower frequencies, probably due to a slow process at the interface or in electrolyte. A closer inspection of

the spectrum revealed a specific type of frequency dependence represented by a constant phase element (CPE) in the

equivalent circuit. The CPE impedance is known to equal Zcp_ = 6 -1 (i0)) -a, where i = (- l) 1/2, 0) is the ac angular

frequency, the power a determines the character of the frequency dependence, and the quantity 6 is measured in
Fa_a-lcm-2 units.

,_,

5

/

.e

•l ...... _------_,------_-------_ ............... T.............. _ ....... L._._.___._._.__._._.__

Fig. 3. Impedance spectrum for sample #168, {111} basal face. The ac frequencies are shown in kHz.

In this respect, the HTHP crystals are full analogy to the CVD films we studied earlier. The frequency

dependence of the differential capacitance of diamond electrodes was tentatively ascribed to a slow process in the

space-charge layer, probably, involving a deep energy level (refs. 4, 7).

Because a usually approached 1 (see Table 1 below), in our further analysis we approximated 6 with a

frequency-independent capacitance C, which we used in plotting Mott--Schottky (that is, the reciprocal of C 2 vs.

potential E) dependences (Fig. 4). The plots are reasonably linear; the intercepts at the abscissa axis give the flat-

band potentials. The very positive flat-band potentials are, probably, due to the oxidized state of the HTHP crystal

surfaces, caused by the oxidative pre-treatment, see the Experimental section. And for the heavily doped { 100} face,

an apparent positive shift of the flat-band potential might be partly caused by a transition to degeneracy (NA

1020 cm -3, see Table 1).
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Fig. 4. Mott--Schottky plots for two faces of sample #360.

From the slope of the lines d(C-2)/dE the uncompensated acceptor concentration was calculated:
-2

NA = _ [d(C-2)/dE] -1 , (1)

where _ and _0 are the permittivities of diamond and free space, respectively, e is the electron charge. The NA values

thus obtained are given in Table 1.

Table 1. Properties of Individual Faces.

No. of Crystal Face NA, cm -_ a (y AEp, mV

Mott Schottk_ ADM
1.2 1019 2.3 1019 0.95 0.9 1.0 130

4.1 10 Is 0.95 1.3 90360

168/1

{111} basal

{ 111 } lateral

{111} rear

_1oo1

t1111 basal
{ 1111 lateral

_311}

1 1019

5 1019

2.3 101°

1 020

2 101°

1.4 101/

0.9 0.94

0.93

0.92

-0.9

1.3 2.2

0.016

0.06

0.04 0.09

*The redox current maximums superimposed on the H2 and 02 evolution current and cannot be se

1700"

730

- 1400"

_arated.

Another way to find the acceptor concentration we used is the amplitude demodulation method (ADM).
..... 2

According to the theory of the method, the measured cell response is inversely proportional to the d(C )/dE value.

This opens the way to directly determining NA; the values found are also given in Table 1. We see that the two

methods are in reasonable agreement with each other. Some deviation can be due to the fact that the Mott Schottky

data relate to the measuring frequency of 61 kHz; the ADM data, to 500 kHz.

Despite some scatter in the data, we can draw the following conclusions:

(1) Crystal #360 is much heavily doped than crystal #168/1. This is no surprise, since the boron-dopant

concentrations in the batch differed by order of magnitude. The higher capacitance (more precisely, 6) values

corroborate qualitatively the conclusion drawn from the Mott Schottky and ADM measurements.
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(2)The{100} faceismoreheavilydopedthan{111} faceinthecrystal#360.Thisdisagreeswiththeknownability
ofa{111} facetoentrapboronmoreintenselyascomparedwith{100} faceduringgrowthprocess.Thispoint
deservesfurtherinvestigation.
(3)Surfacepolishingdoesnotaffectsignificantlythecapacitance:nodifferenceinNAwasfoundbetweenthebasal
(growth)andtherear(polished){111} facesofthecrystal#360.

The{311} faceinthecrystal#168/1appearedtoberatherlightlydoped.
Fromthe<<series_ resistance in the equivalent circuit, the resistivity of the crystal #360 can be roughly

estimated as 10 to 20 _ cm, a reasonable value for the heavily doped single crystal.

We now turn our attention briefly to the kinetic data. The degree of reversibility of an electrochemical reaction

can be qualitatively judged from the potential difference for the anodic and cathodic current peaks AEp on cyclic

voltammograms. The higher AEp (the wider the current peaks separate along the potential axis), the more

irreversible (slow) is the reaction. For reversible reactions, AEp = 59 mV (ref. 12). A typical voltammogram taken in

the 0.5 M H2SO4 + 0.01 M Fe(CN)63- + 0.01 M Fe(CN)64- solution is shown in Fig. 5.

"7'

;i.

[\,

/
j i

_%% ,'

Fig. 5 Cyclic voltammogram for the {111} face of crystal #360.

Comparing the AEp values obtained for the crystals under study (Table 1), we see that on the heavily doped

sample #360 the basal {111 } face is very active: the reactions proceed in nearly reversible mode (the AEp values

approach the theoretical 59 mV value). The moderately doped crystal # 168/1 demonstrates much less degree of

reversibility for the {111 } faces, which falls into general rules of electrochemical kinetics on semiconductor diamond

(ref. 13). Unexpected is the behavior of the {100} faces which are more heavily doped than the {111} faces: the

electrode reactions are markedly hindered. This point deserves further investigation.

CONCLUDING REMARKS

The difference in the electrochemical behavior of individual faces can be tentatively ascribed to different boron

concentration in the growth sectors associated with the faces, resulting from the different ability of the diamond

crystal faces to entrap the boron dopant during the growth process, rather than to the surface atomic density or other

purely surface properties. To reveal these fine effects, individual faces of different crystals must be compared under

conditions of equal doping level.
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ABSTRACT
Diamond is a unique optical material having the combination of high strength and transparency in file visible,

near and far infrared regions. As a far infrared window it has a wide range of potential uses in demanding
environments, e.g. high power CO: lasers exit windows and airborne optics. In this paper, the general optical
properties of diamond will be briefly reviewed and why it is so useful will be highlighted by a comparison to other
infrared materials. The fax infrared optical properties, such as absorption and scatter and how they are linked to the
material characteristics will be described.

Recent progress in synthesis technology enables large area three dimensional diamond components to be
fabricated. The optical properties of a polished 70 mm diameter hemispherical diamond dome will be described.
When considering diamond for large area applications the mechanical properties are importhm. The strength of
CVD diamond is determined by its polycrystalline nature, how it is one of the limits to potential applications will be
discussed.

High temperature transmission spectra from 5000 cm "1(2 gin) to 200 cm "l (50 gm) for CVD diamond will be

presented. In the far infrared region the transmittance drops with temperature and a broad peak approximately
centred at -1275 cm * (7.8 gin) emerges. In this experiment the temperature dependency of the absorption
coefficient has been deduced by assuming there are no additional losses from the surface and calculating the
reflectance using a temperature dependent value for the refractive index. Direct emissivity and photo-thermal
deflection measurements have verified these finding and indicate that it is art intrinsic property of diamond.

Work is still necessary on optical coatings for diamond, since in many of these applications coatings would
enhance the functionality of the optic. Good adhesion to diamond can be achieved by exploiting the surface
termination of the surface. How durable antireflection oxide coatings, such as yttria (Y203) can be deposited on

diamond and their properties will be described.

Keywords: Diamond, optical properties, domes, AR coatings
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ABSTRACT

The next generation of photolithography stepper tools will operate at 157nm allowing the

routine fabrication of sub-100 nm device features. For efficient commercial operation

these machines will require robust solid-state UV detectors for direct beam monitoring

and photoresist exposure dosimetry. Currently, no commercially available detectors can

fully meet the all the specifications required for these applications. Silicon 'detectors, for

example, suffer from rapid performance degradation and unacceptably high attenuation in

the surface metallisation and passivation layers. This paper examines the role of CVD
diamond as a detector material solution for use in 157nm research and future production

steppers and in other high power excimer laser micro-machining applications. The

authors discuss the fabrication of simple inter-digital surface point source detectors

including the passivation and smoothing steps needed to realies high performance

detector structures. The results of a detailed study of detector performance under

industrial conditions on the world's first commercially available 157nm micro-stepper

tool are presented. To improve device sensitivity and transient response times it is
necessary to carry out gaseous thermal passivation treatments to modify the defect

structure of the near surface layer forming the active layer in these detectors. Spectral
and pulse response characteristics have been evaluated by steady state and transient

photoconductivity methods. Device sensitivity was studied over the laser fluence range

0.05-1.5 mJcm a. Device gain was found to be liner with applied bias over a 3-order

range, Long-term operational performance was studied up to a total of I07 laser pulses.

Charge sensitive deep level transient spectroscopy and transient photoconductivity has

been used to relate the observed device performance to the electrical defect structure of
the CVD diamond material.

Many laser micro-machining applications would benefit from a device structure that

would enable direct beam imaging for beam shaping and monitoring purposes at the
work-piece. The paper will present results from performance studies on a 1-D array

CVD diamond deep UV detector that has been used to image 193nm excimer laser beams

and will discuss the design, fabrication and testing of a prototype 2-D array that is

currently being built by the authors.
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SINGLE-PIXEL DIAMOND-BASED VUV PHOTODETECTORS

FOR SPACE APPLICATIONS
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ABSTRACT

During the last decade, many studies have addressed the use of synthetic diamond as sensing material for deep UV

photon detection. Experiments on the photoelectrical properties of diamond at wavelengths down to 190 nm have been

reported in literature, while a few papers concern the same properties at shorter wavelengths (_ > 120 nm). Some future,

but already under way, space missions will require UV photon detectors with unprecedented sensitivity at wavelengths

_,> 30 nm and radiation hardness. Diamond appears to be the ideal photosensitive material for such applications, but an

experimental and technological effort must be faced to investigate its properties in the unexpIored region between 30

nm and 120 nm. Up 1o now, this has been an unexplored spectral region for the electro-optical properties of diamond

and therefore this paper is aimed at filling the gap, reporting a comparative analysis and characterization of the

performances of different diamond-based photodetectors in the vacuum ultraviolet, namely 50-200 nm. In partieular

four different types of diamond have been tested: polycrystalline CVD (pCVD), homoepitaxial CVD type IIa (sCVD),

HPHT type Ib single crystal (IbHPHT) and HPHT type IIa single crystal (IIaHPHT). Photoconductive devices have

been fabricated evaporating interdigitated planar gold contacts on each sample by photolithographic technique and

annealed to ensure a good adhesion of the metal on the diamond surface.

A full characterization has been performed including I-V characteristics in dark and under UV steady light to

determine the gain curve versus the applied voltage for each device. The contribution of material quality and

morphology to the photo-induced currents has been also investigated. Moreover the spectral responsivity has been

measured for each device operating at the best working point previously determined. Finally time responses have been

analysed using pulsed radiation.

Keywords: Polycrystalline diamond, Single crystal diamond, photoconduetivity, UV photodetectors
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ABSTRACT

Diamond thin-film based Fabry-Perot optical resonators are fabricated on a silicon substrate, based upon

established integrated-circuit fabrication technology. Processing procedures include thermal oxidation,

photolithography, wet etching, plasma enhanced chemical vapor deposition, and sputtering. The resonant structure

consists of a diamond membrane with partially-reflecting gold films on both sides. The through-transmission of the

resulting structures is investigated both experimentally and theoretically. Simulations of device performance are

based upon standard optics theory, using the matrix approach for multi-layer optical structures. The simulations

account for absorption and phase shifts in the front and back gold films and use published empirical data for

constants such as the gold absorption coefficient and index of refraction for gold and diamond. A limitation of the

theoretical calculations is that the matrix approach used to determine percent transmission assumes smooth, scatter-

free interfaces. The experimental performance of the diamond-film resonators has been investigated from the

ultraviolet, through the visible, and into the infrared region of the optical spectrum (200 nm 2500 nm).

Experimental results will primarily be presented for the range of 1050nm to 1900nm. Simulations accurately predict

the wavelengths at which peak transmission is observed and the general shape of the transmission peaks. However,

the simulations predict higher percent transmission and higher Q values than are actually observed. Simulation

results suggest that the difference in theory and experiment is not due to absorption in the diamond. Therefore the

role of scattering at the cavity surfaces is currently being studied.

Keywords: Fabry-Perot, thin-film, diamond, optical, fiker

INTRODUCTION

In a world which has seen everything from transistors to gyroscopes to lasers integrated onto silicon wafers, it

should come as no surprise that various optical devices are being constructed in small scale on silicon wafers. CVD

diamond is of interest as an optical material for structures on silicon because of its wide optical transmission

window and because it is compatible with silicon substrates. Diamond films have previously been reported to be

effective in enabling photon entry into silicon as anti-reflection layers over a wide range of wavelengths (ref. 1). In

this study, the performance of diamond as an optical medium for optical resonators is investigated in structures

formed by photolithography on silicon. Experimental results are compared with model calculations.

BACKGROUND

The Fabry-Perot resonant cavity is an important device for a variety of optical applications, including highly

selective optical band-pass filters. It is of interest to integrate such devices into on-wafer structures by incorporating

optical materials into the processing sequence (ref. 2,3). An ideal Fabry-Perot cavity consists of a non-absorbing

optical medium with a partially reflective, non-absorbing coating on either side with perfectly smooth interfaces

between the different materials. The ideal cavity will allow 100% transmission of certain wavelengths of light,

while heavily attenuating other wavelengths.

When constructing an optical resonator, absorption in the optical medium between reflectors can become a

concern. For example, SiO2, which absorbs heavily in portions of the infrared (IR), would not be a good Fabry-

Perot medium if the device had to operate at IR wavelengths. Likewise, silicon would not work well in the visible

portion of the spectrum, due to its small band gap. Diamond is a particularly attractive material for broad-based
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Fabry-Perotapplications,becauseit istransparentfromtheultraviolet(UV)intothemmwaveportionofthe
spectrumwithveryslightabsorptionintheIR.

Anotherpracticalconcernisthatthematerialusedtocreatethereflectivesurfacemaycauseabsorptionlosses.
Thisisthecasewithmostmetals,especiallyintheIRregime.Additionally,resonatorperformancemaybelimited
if surfaceroughnessisnon-negligible.Theimpactofthesefactorsisinvestigatedinthiswork.

OPTICAL MODELING

The theoretical calculations in this paper are based primarily on the matrix approach to multi-layered optical
structures (ref. 4,5). The matrix method assigns a characteristic matrix to each layer of the optical structure. The

matrix contains information about the incident wavelength, film thickness, and complex index of refraction. This

matrix is given by:

I cosfj i sin 5j
Mj

= L njin j sin 5 j cos 5 j

(1)

where nj is the index of refraction for the jth layer, and 8j is defined for vertical incidence as:

(2)

with _ being the incident wavelength, and tj being the thickness of the jth layer.

A special matrix is assigned for the final medium in the beams path. If the index of refraction for the final

medium is nf, the matrix for the final medium is given by:

(3)

The fraction of the incident beam that is transmitted, T, is given by:

T- nf_12

n o

(4)

where n o is the index of refraction of the medium in which the beam originates. For purposes of this paper, n oand nf

can be considered equal to unity, since the beam originates and terminates in air. The quantity t is defined by:

2
t-

(a + b)
(5)

where for an m-layered optical structure, a and b are obtained from the characteristic matrices in the following

manner:

(6)

This matrix method is valid for optical structures with arbitrarily large numbers of layers down to single layered

optical structures, which is an appealing attribute in the analysis and design of optical resonators.

As example, a modeling calculation for a gold-diamond-gold Fabry-Perot resonator is shown in Figure 1.

Calculations are based upon a diamond membrane thickness of 1.59 gm, and partially transparent gold film coatings

of 15 nm and 25 nm. Optical data for gold is taken from Kingslake (ref. 6). The index of refraction for diamond is
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takenfromtheSellmeierequation(ref.7).Thegoldfilmsarenotofthesamethicknessduetoexperimental
considerationsexplainedinafollowingsection.Thesemodelingresultsaccountforabsorptioninthegoldfilmsbut
donotaccountforabsorptioninthediamondorforscatteringlosses.
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Figure 1 Theoretical calculation of transmission versus wavelength for a gold-diamond-gold optical
resonator.

One measure of resonator performance is the cavity Q (ref. 8), where Q is defined by:

Q= v0
AV1/2

(7)

where v0 is the resonance frequency and AVl/2 is the full width half maximum. The modeling results indicate Q

values in the range of 59-67 for the simulation shown in Figure 1.

DEVICE FABRICATION

Figure 2 shows a cross-sectional view of the device constructed for this study. The Fabry-Perot device is

fabricated on a double-side polished, 2" diameter p-type silicon wafer. After an RCA cleaning process (ref. 9), the

wafer is thermally oxidized to an approximate oxide thickness of 1.5 gm on both sides. One side of the wafer is

then coated with photo resist and patterned with an array of small squares, approximately 2mm X 2mm. The

squares are aligned with the flat edge of the wafer. An oxide etch is performed after the photolithography. One side

of the wafer is not covered with photo resist at all, while the other side has a pattern. The oxide is etched all the way

to the silicon, so after etching, one side of the wafer is bare silicon, while the other side has a patterned oxide. The

photo resist is then stripped.

The wafer is then polish seeded for diamond film growth on the non-patterned side, and a diamond film is then

deposited on the wafer. Diamond deposition parameters proved to be very critical, as intrinsic stress in the film due

to thermal mismatch is a large factor in the flatness and durability of the film. The deposition was performed at 35

Torr, at a temperature of approximately 660°C. This resulted in a flat film membrane. Depositing at substantially

lower temperatures would usually result in films that would wrinkle and in some cases break at the completion of

the silicon through-etch.

After the diamond film deposition, the silicon wafer is through-etched to create the diamond membranes. The

patterned oxide is used as a mask, while the diamond film has proven to be relatively resilient to the KOH etch, thus

NASA/CP--2001-210948 182 August 6, 2001



servingasamaskonthesecondsideofthewafer.Thethrough-etchisperformedatatemperatureof60°C,ina44
/56 weight percentage KOH/H20 solution. When the diamond membrane is created, the through transmission of the

membrane is measured as described in the Experimental Results and Discussion section.
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Figure 2 Cross-sectional view of two Fabry-Perot resonators. Drawing not to scale.

Once the diamond membranes are formed and measured, the final step is to sputter coat gold on both sides of

the membrane. A simple shadow mask is used to selectively coat the windows. The diamond film tends to have a

slightly rougher surface on the growth side as opposed to the silicon side of the film. The result is that the gold

deposition on the growth side of the membrane has to be slightly thicker to form a continuous film. Experimentally,

a ratio of 5/3 was determined for the thickness of the gold film on the rough/smooth surfaces of the membrane for

minimum gold thickness.

EXPERIMENTAL RESULTS AND DISCUSSION

The device is characterized in two steps. First, before the diamond membrane is sputter coated with gold, the

through-transmission vs. wavelength is obtained for the diamond membrane only. This aids in determining the

thickness of the particular membrane window. Secondly, the transmission through the gold-coated resonator is

measured.

The through-transmission is measured by passing a monochromatic beam of light through the sample, which is

masked to block any light from passing through the silicon or other diamond membranes. The wavelength is varied

and transmitted power at each wavelength is noted. The sample is then removed from the optical system, and a

mask with the same size opening as was used on the sample is placed in the path of the beam. The power of light

passing through the mask with no sample is then recorded for each wavelength. The "sample" data is then

normalized against the "air" data to obtain an accurate value for percent transmission.

Figure 3 shows the transmission versus wavelength obtained for an uncoated diamond membrane using the

method described above from the UV to IR. For a lossless diamond film, the transmission would oscillate vs.

wavelength with peaks of 100% and minimum values of approximately 50%. The separation of the measured peaks

provides an accurate estimate of the particular diamond membrane's thickness. In the case of the data shown in

Figure 3, the thickness of the film is found to be approximately 0.7 btm. In the measured transmission strong

absorption is seen in the UV beyond the bandgap (approximately 225nm). Previous studies indicate the non-

bandgap absorption losses are mainly due to scattering at the rougher surface (ref. 10). AFM results for our films

indicate a surface roughness of approximately 15nm.

Figure 4 shows the results of the measured transmission versus wavelength for a fabricated Fabry-Perot

resonator. The thickness of the diamond film for this set of data is approximately 1.59 _tm, with gold coatings of

approximately 15 nm and 25 nm. This device served as the basis for the simulation shown in Figure 1. Location

and general shape of the peaks correspond well with theoretical calculations, however the Q values are less than the
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modelingwouldpredict.Figure5showsanexpandedviewofthepeaklocatedatapproximately1600nmseenin
Figure4. ThepeakshowninFigure5hasaQvalueof18.

ThefactthatthemeasuredQislessthanthemodeledQislikelyaresultofthefactthatscatteringisnot
includedinthemodeling.It isanticipatedthatsmootherfilmswouldresultinahighermeasuredQ.
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Figure 3 Representative data plot showing measured fraction of incident light transmitted through an

uncoated diamond membrane versus wavelength.
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Figure 4 Measured transmission characteristics for a fabricated Fabry-Perot resonator.
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CONCLUSIONS

The measured transmission characteristics of diamond film Fabry-Perot resonators correspond to theoretical

calculations in a promising manner, but measured Q factors are less than model prediction. This difference may be
due to scattering losses and absorption losses not incorporated into the model. Presently, work is proceeding in

parallel to investigate both possibilities. The modeling calculations will be expanded to include effects of surface
roughness at the interfaces. Also, new device fabrication sequences are being investigated in an attempt to produce
smoother diamond membranes.
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ABSTRACT

This work presents a discussion on surface flashover phenomena in vacuum and electrical

insulation in space. Experimental results of vacuum surface flashover characteristics of new dielectric

materials such as polycrystalline diamond and diamond like carbon (DLC) to be used in space

environment as protective coating or as dielectric materials. Specifically, experimental results of

voltage and current characteristics and optical emission during the surface flashover of diamond like

carbon (DLC) on silicon and polycrystalline diamond on silicon are discussed. The thin film samples

used in the experiments were polycrystalline diamond on silicon (D/Si), diamond like carbon on silicon

(DLC/Si), and silicon dioxide on silicon (SiO2/Si) substrate, free standing polycrystalline diamond

(PD), single crystal diamond (SD), quartz, and Teflon TM. We also used DLC film deposited on silicon

dioxide, which acted as the interface between the DLC and silicon substrate (DLC/SiO2/Si) . The

results are compared with the surface flashover characteristics of other materials such as quartz and

Teflon TM.

INTRODUCTION

Electrical insulation of high voltage (HV) power systems to be used in space environment is

currently a major research area because of the interest in HV, high-power systems intended to support

advanced space vehicles and modules such as earth orbiting satellites, inter-satellite modules, and

interplanetary or intergalactic vehicles. As technology advances and new materials developed, there is

a growing need to study the electrical integrity of these materials in space environment. These new

materials can be either used in the construction of electronic components as dielectric material, or can

be used as protective coating of the sub systems. In either case they are exposed to harsh space

environment such as ionospheric plasmas, high-energy particle flux, solar flare, galactic or intergalactic

micro-meteorites, atomic-oxygen, thermal variation, and high energy UV or other radiation effects.
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Furthermore,thespaceenvironmentis in realitya vacuumenvironment.Therefore,the

electricalinsulationin spacerequiresfurtherconsiderationthantheearth-boundsystemsoperatedin

atmosphericpressures.Onemajorproblemwiththeelectricalsystemsoperatingin spaceorvacuumis

thedifferentialchargingoftheindividualcomponentsduetotheinteractionof spacecraftwiththelocal

spaceenvironmentanddueto thedifferencein dielectricpropertiesof thematerialsusedto construct

thesesystems.Thisdifferentialchargingeventuallyresultsin surfaceflashoverorsurfacebreakdown
of thematerials,thuslossof highvoltageisolationandpermanentdamagetotheelectricalsystemsof

subsystemsdueelectricaloverloading[1]. Consideringthespaceenvironmentaleffectsandnew

advancedmaterialcandidatefor usein space,wehavetestedelectricalcharacteristicsandstudied

surfaceflashovercharacteristicsof severalsynthetic[2-4]materialsconsideredtobeusedasinsulating

and/orprotectivecoatinginspacepowersystems.

SURFACEFLASItOVER

Surfaceflashoverorsurfacedischargeacrosssolidinsulatorinvacuumhasbeeninvestigatedfor

manyyearsbyvariousresearchers[5,6]. It iswidelyacceptedthatthesurfaceflashoverphenomena

acrosssolidinsulatorssupportingthehighvoltageelectrodesisduetothefieldemissionof electronsat

thecathode"triplejunction"whichis theintersectionof electrode,insulatorandvacuuminterfacewhen

theappliedfieldexceedssomethresholdvalue.

Besidesthemaincauseof surfaceflashover,othercontributingfactorsarelistedasthetypeand

surfaceconditionof thedielectricmaterial[2], thetypeandsurfaceconditionof theelectrodematerial,

thegeometryof theelectrodes,andoperatingenvironment[7]. Thebackgroundandlocalgaseous

speciesandpressuregradient[8] in thevicinityof thehighvoltagesystemarealsoimportantfactors
contributetothesurfaceftashovercharacteristics.

Regardlessof thecontributingfactors,in general,surfaceflashoverresultsfromtherandom

emissionof arelativelysmallnumberof fieldemittedelectronswhicharetheseedelectrons,atthe

cathode/dielectric/vacuuminterfaceduetothehighelectricfieldestablishedatthisinterface.Theseseed

electronsincombinationwiththepositivechargebuiltuponthedielectricsurfaceactasaprecursorto
anelectronavalanchetowardstheanodeacrossthesurfaceofthedielectric.Thisenhancedelectricfield

atthetriplejunctionfurtherhelpssustaintheelectronemission.Thusasurfaceflashoveris initiated

whichis followedbyasurfacebreakdowninmostcases.Thethresholdpotentialfortheinitiationofthe
surfaceflashoverismainlydependsonthefactorsthatarelistedabove.
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EXPERIMENTAL SET UP

Experimental set up to study the surface flashover phenomena consisted of a pump station with a

ultra-high vacuum chamber, a mass spectrometer and an optical multi-channel analyzer with each

computer controlled data acquisition systems, a high voltage dc power supply, and electrical

(current/voltage probes) diagnostics instrumentation. A pair of copper electrodes was placed on the flat

surface of the test sample as shown in Figure 1.

 ath°d iiiii n°de
Figure 1. Top view of Electrodes and sample assembly.

The electrodes were polished to reduce surface irregularities; and the distance between them was

either 1 mm or 3 mm depending on the experimental set. This electrode/sample assembly was places on

a Teflon TM sample holder and was placed in the vacuum chamber in a way that it was seen through a

glass window to allow visual observation and optical diagnostics during the surface flashover

phenomena.

SAMPLES AND SAMPLE PREPERATION

The thin film samples used in the experiments were polycrystalline diamond on silicon (D/Si),

diamond like carbon on silicon (DLC/Si), and silicon dioxide on silicon (SiO2/Si) substrate, free standing

polycrystalline diamond (PD), single crystal diamond (SD), quartz, and Teflon TM. We also used DLC

film deposited on silicon dioxide, which acted as the interface between the DLC and silicon substrate

(DLC/SiO2/Si). All the thin film samples were produced in house by microwave plasma assisted (CVD)

system using proper gas mixtures depending on film type. The surface resistivity of the samples was

measured by a surface probe and determined to be larger than 20 Mf_-mm. The DLC film thickness was

5 _tm and 30 _tm. The film thickness of SiO2 was 2 _tm for both cases, as the interface or as the thin

film. The polycrystalline diamond film was 5 _tm. Both the quartz and free-standing polycrystalline

samples were 1 mm in thickness. All the samples, except the single crystal diamond, were 1 cm by 1 cm

in surface area. All the samples had optical quality smooth surfaces except the polycrystalline diamond

on silicon substrate. One sample at a time was placed on the sample holder and tests were conducted.
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Thesurfaceconditionof eachsamplewasexaminedbothbyanopticalmicroscopeorscanning

electronmicroscopebeforeandafterthesurfaceflashoverexperiments.Somesamplesseemedtohave

experiencedpermanentsurfacedamage,andthe pictureof damagedregionwasobtainedfor

presentation.

EXPERIMENTALPROCEDURE

Thevacuumchambercontainingthesampleassemblywaspumpedtoahighvacuumlevel,and

waskeptundervacuumfor severalhoursto reducetheoutgassingeffectson thesurfaceflashover
events,andallthechamberpressurewasontheorderof 10-5Pathroughoutexperiments.A dcvoltage

wasappliedbetweentheelectrodes,andanoscilloscopewasusedtorecordthesurfaceflashoverevents.
Thebreakdowncurrentandvoltagecharacteristicsof thesurfaceflashovereventswererecordedby

usingahighfrequencyhighvoltageprobeand0.1f_ currentviewingresistor(CVR). Theapplied

voltagewasrampedupsteadily(approximately100V/s)untila flashovereventinitiatedatthecathode,

andthevoltagewasturnedoff immediatelyafterthesurfaceftashovereventoccurred.Thesame

procedurewasrepeatedseveraltimesuntil asteadysurfaceftashovervoltagewasreached.In some

cases,however,afterafewshots,thebreakdownvoltagebecameunpredictable.Forthesesamples,the

experimentswereterminated,andthesamplewastakenoutofthechamberforexaminationandsurface

analysis.

EXPERIMENTAL RESULTS

It should be noted that the present experiments were conducted using a non-uniform electric

field since the electrodes were rounded at the tips, but flat on the surface contacting the sample's surface

(see Figure 1) to avoid any sharp structure that may enhance the field at the vacuum electrode interface.

With this electrode geometry, the highest electric field was on the surface of the dielectric where the

electrode separation was the smallest. Under this condition it was expected that the filed emitted

electrons from the cathode would follow the field lines while propagating toward the anode, and initiate

a surface ftashover discharge. This behavior was verified by observing the light emission during the

surface ftashover events, and the voltage collapse and the current increase were recorded as the evidence

of the events.

Surface Flashover Voltage Waveform

The waveform data for all the samples were normalized to compare the exact shape and time

evolution of the signals obtained during the surface flashover events. This comparison of voltage wave
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formsasa functionof time for all the samplesshowedthatthe TeflonTM, quarts, free-standing

polycrystalline and single crystal diamond samples exhibited the same characteristics. The breakdown

event (the voltage collapse) occurred in few (1 to 2 ns) ns. However, the duration of the surface

flashover was considerable long (in the order of 7 to 8 _ts). On the contrary, although the voltage

collapse time was again in few ns, the voltage recovery time (or the breakdown duration) was in the

order of 100 ns for the thin films (DLC/Si, DLC/SiO2/Si, D/Si, SiO2/Si) on silicon samples regardless of

the film thickness.

This result indicated that the film thickness was not a major effect on the surface flashover

characteristics of these materials. However, having the substrate, which is a semi-conducting material,

had played an important role in the duration of the breakdown. Dielectric film on semiconductor

material structure seemed to have appeared to the field as a metal-insulator-semiconductor (MIS) diode,

and depending on the biasing level and/or direction, a mechanism similar to an avalanche breakdown on

bulk breakdown may have occurred. Also, having a dielectric interface, namely SiO2 between DLC and

Si seemed to have increased the integrity of the film to the applied field.

All these thin films including the diamond film, exhibited "conductive" nature after few surface

ftashover events. Furthermore, it was observed that the DLC samples were more vulnerable to the high

electric fields. After few shots, only these DLC samples experienced visible permanent damage on them

at the vicinity of the cathode "foot" print, where the flashover was initiated and where the field was the

highest [3]. These samples were taken out of the vacuum chamber for surface analysis.

It was reported above that the polycrystalline diamond sample did not have an optical quality

surface smoothness. And yet behaved the same as the DLC films in terms of vulnerability to high

voltages, i.e., lost high dielectric properties, and became conducting after a few shots. However, there

was no visible permanent damage on the surface of the sample. Furthermore, the breakdown voltage

waveform and order of magnitude of the breakdown voltage of D/Si were same as the other thin film

samples having optical quality surfaces [2]. Therefore it may be concluded that the surface condition

didn't seem to be an important factor in the initiation or time evolution of the surface flashover events.

Surface Flashover Voltage

Several sets of experiments were conducted with all the samples. Figure 2 shows the breakdown

voltage of thin films (DLC/SiO2/Si, DLC/Si, SiOjSi, and D/Si) for different event number. It is seen in

this data that DLC/Si seems to have the highest breakdown voltage approaching 5.5 kV, in comparison

SiO2/Si has the lowest breakdown voltage (approximately 1. KV). Further, the electrode conditioning
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phenomena,wherethebreakdownvoltageincreasewith theeventnumberandreachesto a steady

breakdownvoltagelevelwasobservedforeachsampleunderinvestigation.However,afterafewshots,
asseeninFigure2,(inmostcasesthiswasafterthe3raor4thevent),thesamplesseemedtohavelostthe

dielectric,orhighresistivityproperties,andthebreakdownvoltagesuddenlybecameverylow. It was

alsoobservedthattherewasarelativelylow intensityof lightemission,andthebreakdownvoltage
waveformseemedtohaveexhibited"micro"surfaceflashoverevents.Themaximumcurrenthowever

wasrelativelylow,ontheorderofmA. Thenextandthefollowingsurfaceflashovereventsoccurredat
muchlowervoltagelevels,andthetestswereterminatedafter7 th or 8 th shot for each sample. On the

contrary, although the surface flashover breakdown voltage was much lower compared to the other thin

film samples, the SiO2/Si sample did not experienced similar catastrophic breakdown event, and it

sustained its dielectric characteristics longer than the others.
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Figure 2. Breakdown voltage versus event number for four different thin-film samples. The electrode

separation was 3 mm throughout these experiments.

Figure 3 shows the same plot for free-standing polycrystalline diamond and single crystal

diamond samples. It should be noted that the surface of the free standing polycrystalline diamond was

polished to an optical quality smooth surface.

In Figure 3, the surface flashover voltage seems to remain at approximate value of 9.5 kV,

whereas the single crystal sample's breakdown voltage seems to oscillate around 5.8 kV range with a
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variationof +3 kV. This was an unexpected result because the surface quality of this sample was same

as the polycrystalline and quartz sample. In a previous work, surface flashover characteristics of a

quartz sample was studies and, it was found that the breakdown voltage increased for the firs few shots

and stabilized at approximately 15 kV range [7]. The polycrystalline sample's surface flashover

characteristics are similar to the quartz's case.
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Figure 3. Breakdown voltage versus event number for single crystal and polycrystalline diamond

samples. The electrode separation for these experiments was 1 mm.

Optical Emission Characteristics

Optical diagnostics light emission during the surface flashover events were recorded by several

instruments namely, optical multi-channel analyzer (OMA) to record optical spectroscopy, CCD camera

to record optical image, and photo-multiplier tube (PMT) to record the time evolution of the light

emission. The CCD camera images revealed that the surface flashover starts at the cathode-dielectric-

vacuum interface as a small "hot" spot and then develops to a full arc propagating across the surface of

the dielectric to the anode. One needs to note that the intensity of the light emission during the surface

flashover of thin-film samples was relatively low for the CCD camera to detect. Therefore, only the

light emission images of the surface flashover of quartz, free-standing and single crystal samples were

recorded.
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AnOMAwasusedtoinvestigatethenatureof theemissionspectrum.Opticalspectrumof the

light emissionduringthe surfaceflashoverwasrecordedandthe wavelengthidentificationwas

conducted.Theemissionspectrumof theplasmaproducedduringthesurfaceflashoverofquartzsample

showedthattheemissionwasmainlywasdueto thenitrogenspecies.Thefirstnegativeandsecond

positivemolecularemissionbandswerethestrongestemissionbands.In additionto these,therewere

linesbelongingto SiO2molecule[2]. Theseresultsindicatesthatheresidualgaspresentin thevacuum
chamberplaysanimportantrolein theinitiationof asurfaceflashoverandinthegenerationofaplasma

environmentin thevicinityof theelectrodes.Also,thelinesbelongingto SiO2moleculeindicatedthat

theappliedelectricfiledhavesufficientenergyto excitetheboundmoleculesin thesoliddielectric
material.

TheintensityofthelightemissionfromthepolycrystallinewastoolowforOMAsensitivityto
obtainanyvaluabledata.However,visualobservationoftheemissionindicatedthattheemissionwasin

theblue,blue-violetregionof thespectrum.Thisis in agreementwiththedatain theliteraturethatthe

emissionfrompolycrystallinediamondwasreportedtobeabroadbandspectrumwithhighestintensity

centeredat2.85eV(435nm)withtwosidebandscenteredat2.155eV(575nm),and1.68eV(738nm)

[10]. In thatwork,theseemissionlineswereattributedtothedeepdonoracceptorpairrecombination,

andbroadvibronicbandwithazerophononline. Incomparison,wemayconcludethattheemissionin
ourobservationisasimilartotheonesgivenaboveandisaresultofazero-phononline,whichinturnis

dueto anitrogenvacancycomplex.Consideringthatthefield-emittedelectronsmaypenetrateintothe

material,theeffectmaybeinterpretedaselectroninjectionintothedielectricmaterial,andwouldbe

responsibleforthelightemission.

Opticalspectrumof theemissionfromthesinglecrystaldiamondwasrecordedbytheOMA.

Thisspectrumshowedthatit wasabroadbandemissionwithapeakat550nmandtail towardsthe
infrared. Themechanismfor this emissionwasconcludedto be assimilarto theoneseenin

polycrystallinecase,wherethefieldemittedelectronsareinfectedinto thematerialandexcitedthe

molecularlevelsin thedielectric.However,studiesarecontinuingtoinvestigatethenatureof thelight
emissionfromthesematerialsfurther.

ThePMTdatashovedthatthelightemissionduringthesurfaceflashoverforquartzsamplewas

ontheorderof severalmicro-seconds,almostsamedurationasthevoltagerecoverytimeforthissample.

However,thedurationof thelight emissionfromthefreestandingpolycrystallineandsinglecrystal

diamondfilmswasontheorderof severalseconds,whichwasmuchlongerthanthevoltagerecovery

time. Thisis anotherreasonthatwebelievethatthelight emissionwasresultof excitationadde-

excitationofthemolecules/atomswithinthecrystallinestructure.
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Outgassing Effects:

Desorbing or outgassing gas molecules in vacuum can also contribute to the surface

flashover initiation [2, 9]. Any surface of solid (dielectric or other) exhibit forces of attraction

normal to the surface and gas is normally adsorbed on all the surfaces, when left in atmospheric

environment long enough. Under certain conditions of temperature and pressure, this gas is

desorbed and constitutes one of the main sources of gas in vacuum. The material outgassing is

another source of increased gas density in the vicinity of the surfaces. This molecular or atomic

gas density gradient near the dielectric lowers the surface breakdown potential threshold further,

because the breakdown potential depends on the operating pressure.

In search of effect of outgassing and desorbtion, we used a mass spectrometer to

determine the gas species before and after each experimental set of each sample being

investigated. These experiments showed that before the surface flashover events, the gas

composition was mainly of water, nitrogen, hydrogen, oxygen, and carbon-dioxide, which are

concluded to be result of adsorption of atmospheric species in the vacuum chamber. However,

mass spectroscopy experiments showed no traces of gas species that might be by product of the

synthetic thin film dielectric materials (DLC or polycrystalline diamond) after the surface

flashover events. This may be due to the fact that the surfaces area of the samples is much

smaller compared to the surface area of the vacuum chamber, and the amount of outgassing or

desorbing gas from the samples is much less than the detectable level for the mass spectrometer.

On the contrary, mass spectrometer analysis of Teflon TM sample after the flashover events

showed traces of perfluorotibutylamine (PFTBA) and trifluoroethane (C2H3F3) molecules,

which are most likely to be by-products of Teflon TM sample. Also, optical diagnostics of the

plasma generated during the flashover showed similar results as the mass spectroscopy analysis.

CONCLUSIONS

Experiments to investigate surface flashover characteristics of material intended to be used in

space environment conducted. The results showed that polycrystalline and DLC thin films might not be

suitable materials for high voltage application as dielectric material in vacuum when coated onto

semiconductor material. Having a dielectric interface between the DLC and silicon seemed to improve
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the breakdown characteristics, however it was determined that this also was not sufficient to have a

reliable film for HV applications. All the thin films experienced permanent damage; therefore they were

vulnerable for HV applications. The duration of the surface flashover was on the order of 10s of ns for

thin films. However it was on the order of several micro-seconds for the other free standing samples.

Also, there was almost no light emission during the surface flashover for thin films, where as the light

emission was a long duration event for the other, flee standing films. It was concluded that the light

emission was due to the excitation and emission of impurities within the crystal structure for the

diamond samples, whereas the light emission was due to the background gas for the case of quartz

sample.
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ABSTRACT

Diamond is an excellent protective material for optical windows. With large residual stress, crack

through the film or even delamination from the windows can occur, while diamond film is brazed or

coated on the windows. Therefore, it is important to reduce stresses during deposition of diamond film.

This paper describes optical properties and residual stresses of diamond film deposited by

different methods and processing parameters. Diamond films eoated on silicon wafers were produced

by separate hot filament CVD and microwave plasma CVD. SEM micrograph, and Raman spectra of

the films, and optical transmission of free-standing films were measured. The transmission model of

diamond film was improved on the basic of the one of single layer dielectric film, considering the

effects of absorption, dispersion, uniformity, and surface roughness on the transmission. The change of

index of refraction with frequency, free-carrier absorption of graphic component from complex

permittivity in Drude theory and the absorption of C-H stretch were simultaneously involved in the

model. The Levenberg-Marquardt algorithm was adopted to produce nonlinear least square fit. Results

show that the sample produeecl by HFCVD contains refractive index n = 2.35 which is few change with

frequency, surface roughness 0.36 microns, absorption coefficient is lower than 0.1 cm q , and it means

the film has higher purity and small graphic components. The sample by MPCVD contains refractive

index that varies from 2.36 to 2.47 with frequency, surface roughness 0.12 microns, and absorption
coefficient is lower than 0.3 cm q. The Stress State of films was estimated by observing the shift of

Raman peak. The stresses are composed of two sources, intrinsic stress and thermal stress. The thermal

stress of diamond coated on silicon substrate displays compressive. The intrinsic stress in films comes

from deposition method and operation conditions and relates to microstructure, impurity, and relaxation

model. The intrinsic stress usually displays tensile. Observation indicates that residual stress increases

with increasing methane concentration. It is expected to obtain higher optical quality diamond films

with lower stress through controlling processing methods and condition.
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ABSTRACT / INTRODUCTION

In the beginning of the nineties, a world-wide turnover of 450 million dollar was predicted for the year 2000 in the

market " CVD diamond coated tools". Up-to-date, these number is not reached by far. Careful estimations at present

amount to only 10% of this value. The reasons for this are of various nature:

• Underestimation of the complexity in the development of CVD-diamond-coatings on cutting tools.

• The systematic exploitation of new markets for diamond coated tools was difficult and proceeded substantially

slower than expected.

• The understanding, that is necessary for the successful use of CVD diamond coated tools, had to be generated and

communicated to the tool manufacturer, the trade and the end-users

Today the status of the development presents itself as follows: CVD diamond coated tools for cutting operations are

used for machining graphite and green compacts with great success. In this area of applications these tools are

considered as state-of-the-art. End users in this sector normally expect their tool manufacturer to offers CVD-diamond

coated tools in his catalog.

The exploitation of these first fields of applications with economic relevance was possible by a systematic approach

during the product development. A close cooperation of the tool manufacturer, the end-user and the tool coater was

necessary. The knowledge and the know-how in technology and strategy, that were achieved during this product

development, will be transferred and adapted to other, larger sectors of the tooling market and will lead to successful,
innovative CVD-diamond coated tools.

APPLICATION AREAS FOR CVD DIAMOND COATINGS

Conventional diamond tools (PCD, CVD thick coatings) are applied preferentially for cut machining operations of

abrasive materials, e.g. A1Si with a Si-content of >10%, or MMC (__Metal Matrix Composites). Tools having cutting

edges "coated" with a CVD thick coating, may be compared to the property profile of a cutting tool with PCD inserts.

Also for the application of thick CVD diamond coatings only 2-dimensional geometries can be produced with a

justifiable economic expense. If there are very high requirements regarding surface quality of the manufactured

components, PCD tools are successfully applied for machining of soft materials. Here they are in direct competition to

uncoated and conventionally coated tools (CVD, PVD).

Extremely wide fields of application are expected in the future, i.e. CVD diamond coated tools are expected to be

applied very generally. This is exactly the biggest chance, however, also the biggest challenge.

Breaking down the requirements for tools with respect to the different areas of application and commercial aspects

to the coating, one recognizes the qualities that CVD diamond coated cutting tools must have for successful use within

specific application areas. One realizes, that individual aspects of the quality profile may have different priorities

according to the area of application.

Adhesion and wear resistance of the coating play an important role for cut machining of abrasive materials. For cut

machining of softer materials, the coating surface has to be "anti-adhesive", i.e. it must show a low tendency towards the

formation of built-up cutting edges. Furthermore the cutting edge should be as sharp as possible, i.e. the coated cutting

edge should show as low as possible rounding of edges. The machining of soft non-ferrous metals is a typical area of

application where mass production takes place, i.e. the economic efficiency of the tool is of major importance. The

economic pressure is not so high for machining of expensive exotic materials like MMC.

It is evident, that a single CVD diamond coating cannot cover all areas of application in the same manner, since

often completely opposite qualities are required. It is obvious that CVD diamond coatings optimized for specific

applications are preferred if the maximum performance is expected from tools. In plain English:

The user cannot expect one "type" of diamond coating for cutting tools covering all possible areas of application; or

as reverse conclusion: If different diamond coatings are tested against each other, the application and the quality criteria,

e.g. tool life, have to be considered.
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CVD DIAMOND COATINGS WITH SPECIFICALLY TAILORED PROPERTY PROFILE

If the aimed for property profile has been determined in cooperation with the customer, it can be "modeled" through

the following factors:

"Wear resistance" : Especially for extreme abrasive wear, life time of the tool is proportional to the wear

resistance. This resistance against wear is again influenced through coating thickness, purity and morphology.

"Anti-adhesive" surface : The machining of soft non-ferrous metals requires a coating surface, that counteracts

possible spread-on's or that at least restrains this phenomenon. Therefore a smooth surface is favorable. In this context

especially the crystal size, the coating texture and the pattern of the interface have an influence. Furthermore, the

chemical affinity between coating and workpiece material plays a role. Here, diamond has distinct advantages compared

to most other cutting materials.

"Sharpness" of the cutting edge, cutting edge round-off: The quality of the machined surface and the machining

forces are influenced through the sharpness of the cutting edge of the tool. Coated cutting edges in principle always

show a stronger cutting edge round-off than uncoated ones, however, the coated ones are more resistant against wear.

The coating thickness and the grain size of the diamond coating as well as the interface have an influence on cutting

edge round-off.

"Adhesion" : Sufficient adhesion of the coating is of central importance. This essentially depends on the applied

"Adhesion Technique", on coating thickness and on the coating morphology (crystal arrangement, crystal size, texture)

as well as on the purity of the diamond coating.

These tool characteristics can be tailor by certain techniques of the coater. These are mainly the

• "Coating thickness" (2-60 gm)

• The "coating morphology" (crystal shape, density and texture) that also determines the surface roughness

• The "edge rounding" caused inevitably by the coating itself or by pretreatment techniques on purpose

• The "adhesion techniques"

• Others: post-treatments, multilayers etc.

The Adhesion Techniques

Especially this point is the key technology of a successful application of CVD-diamond coated tools. It describes the

technologies, mechanisms and processes, which guarantee the adhesion of CVD diamond coatings. The following

processes are known (separately or in combination):

• Etching of Cobalt

• Diffusion barriers

• Passivation of Cobalt

• "Rough" interface

As an example for the importance of the last point Figure 1 impressively shows the effectiveness of a rough

interface that is formed by using coarse gained cemented carbide. An outstanding adhesion of the coating could be

reached even with a high coating thickness of 25 gm. Since diamond grows in the gaps of these carbides.
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Figure 1: Diamond coating on fine / coarse grained cemented carbides
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TheMMCmaterialAA 6082with18Vol.-%SiC-particleswasmilledwithindexableinsertsofthegeometry
M680,withthefollowingmachiningparameters:vc:500m/min.;fz:0,1mm/revolution;ap.:1,5mm.Thedifferenceof
thetoollifedependingontheusedHMtypeisobvious(ref.3).

TheCoatingThickness

Formachiningof extremelyabrasivematerials,thetoollifeisproportionaltothecoatingthickness.In suchcut
machiningprocesses,e.g.machiningofgraphite,it is importantthatduringthemachiningprocessthereisaratherhigh
coatingvolumeavailableforwear.InFigure2and3thisbehaviorisshownfordifferentcutmachiningoperations.
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Figure 2: Dependence of the tool life on the diamond coating thickness for machining of CFC material
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Figure 3: Dependence of the tool life on the diamond coating thickness for milling of AISi 20 castings
(SDHT1204AEF Vc = 785 m/min, fz = 0,2mm/revolution, ap=0,5mm)

The Coating Morphology

As already indicated, CVD diamond coatings can be deposited in different morphologies and in different roughness.

For machining of strongly abrasive materials, the surface of a crystalline rough diamond coating is smoothened during

the application. If the surface quality of the workpiece plays only an insignificant role, a CVD diamond coating with

distinctive crystalline surface structure is no disadvantage. For some machining applications, in which the surface
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qualityof theworkpieceandthepreventionof formationof built-upcuttingedgesareof greatimportance,nano-
crystallinediamondcoatingsareused.Figure4and5showtwodifferentapplicationsinwhichnano-crystallinediamond
coatingswithaccordinglyverysmoothsurfacesareused.
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Figure 4: Surface qualities for turning of Al 99,5 soft, vc=1000 m/min, f = 0,2mm,

ap = 0,5 mm, minimal lubrication technology with nano-crystalline diamonds (CCDia08s)
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Figure 5: Dry drilling in magnesium-alloy AZ91, vc = 250 m/min, f = 0,2 mm, left uncoated after 30 holes, right

nano-crystalline diamond (CCDial2s) after 300 holes (University of Hanover, Germany, IFW).

Figure 5 clearly shows that especially with dry cut machining the advantages of smooth, nano-crystalline coatings

take effect. While the uncoated drill after 30 holes was no longer usable due to the spread-on's, the diamond coated drill

after 300 holes is still fully operational (ref. 4).

The Edge Rounding

Often a "sharp" cutting edge is demanded by the user. In the least of these applications, the fast wear of the cutting

edge is taken into account. With the machining of extremely abrasive materials the "sharp" cutting edge offers no

considerable wear volume, that could be directly used as advantage for tool life. Figure 6 shows a typical application

case, the treatment of CFRE. It is obvious that the uncoated tool begins the machining process with a "sharper" cutting

edge, however, already after one meter it shows the same round-off as the coated tool. This wear continues rapidly,

while the diamond coated cutting edge is not considerably further worn off in the time period under consideration.
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Figure 6: Milling of CFRE, vc = 800 m/min, ap=3 mm, ae = 2 mm (IPT)

The formation of burrs at the workpiece is caused through a too large cutting edge round-off. Again, the end-user

would like to use a cutting edge as "sharp" as possible. The reasons are evident: as much wear volume as possible until

wear has caused such a high cutting edge round-off and consequently due to that high cut machining forces and

"pressing" of the cutting edge will result in the formation of burrs.

In the example shown in the next figure, again, a "sharp" cutting edge was originally demanded for the machining of

an A1Si alloy. A cutting edge round-off of approximately 30 gm, that resulted from a round-off of 10 gm due to the

preparation before the coating process and the coating thickness of 20 gm, was considered as unsuitably high.

Machining tests in the framework of the improvement process finally showed, that a minimum thickness of the diamond

coating of 12 gm (CCDial 2s) was necessary to achieve good results.
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Figure 7: Milling: G-AISi07Mg, APHT15T3PDR-K88 WK10, vf = 1.500 mm/min, ap = 0,7 mm, n = 6000
revolutions/min, tool life criterion: formation of burrs
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Evenformachiningof ductileandself-hardeningelectrolytecopper,adiamondcoatedtoolwitharatherhigh
cuttingedgeround-offofapproximately15-20gmcanbeusedwithsuccess(Figure8).Heresurfacequalitywasthetool
lifecriterion.
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Figure 8: Milling of electrolyte copper (n=20.000 revolutions/min, vc=800m/min, ap: small, ae: small)

SUMMARY

The development of CVD diamond coated high performance tools (brand-name tools) requires a systematic

approach. It is important to go through the partial processes: Marketing, Design, Prototyping and Improvement in order

to reach the requirements for a successful production and market introduction of the new product. During this

development process, the tool manufacturers, coater and if necessary also end-users (pilot users) must work together in

the sense of a close partnership. On this occasion the coater plays the role of a " source of technology " for all concerns

regarding the coating for the new product.

Based on the examples from practical applications it was shown, that especially for the extreme coating material

"CVD diamond" a distinct thorough procedure is necessary in order to use the high potential of this material.

The CVD diamond coated cutting tools just stand at the beginning of their development and their commercial

transformation. With growing know-how on the part of coater and tool manufacturer, a strong increase of the

applications and with it an expansion of the market for CVD diamond coated cutting tools can be expected.
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ABSTRACT

Diamond is known to be the hardest material on the earth. Thus, it shows a superb anti-wear capability when used

as a tool material for cutting almost all work materials except ferrous ones. This is because in the case of ferrous

work materials diamond can be decomposed and diffused very easily into the work materials because of the cutting

heat generated when diamond contacts ferrous work materials.

To solve this problem and fully utilize the hardness of diamond even for ferrous work materials we have attempted

to utilize the effects of ultrasonic vibration applied vertically to the rotating shaft of an end milling tool so as to

increase the lubricity and/or cooling capability of the diamond tool and thereby reduce the involved temperature over

the rake face of the tool cutting edge. By this means it was unexpectedly found that the life ofa sintered diamond end

mill tool used to cut hard ferrous materials could be more than ten times that of a WC-Co alloy tool coated with

TiA1N which is believed to be the best coating material at present for cutting hard ferrous work materials.

Keywords: diamond tool, DLC, ultrasonic end milling, hard ferrous materials

INTRODUCTION

Recently, the requirements for machining tools such as those in ball end milling used, for example, in die making,

have become more severe, particularly in terms of their lifetime, because an end mill tool having a shorter lifetime

would result in the necessity for more frequent tool changes which will inevitably accompany degrading of the work

surface or dimensional accuracy. In an effort to solve this problem, the tool industry has provided various anti-wear

tools such as diamond tools for aluminum work materials and coated WC-Co alloy tools such as TiA1N ones for

ferrous work materials. However, even the best solution of the TiA1N-coated WC-Co alloy end mill tool is not

sufficient when cutting hard ferrous materials such as pre-hardened or hardened steel. In view of this situation it will

be very advantageous if we can utilize the hardness of diamond when we approach the cutting or ball end milling of

hard ferrous materials, although it has been generally believed to be impossible to cut ferrous materials with diamond

tools due to the ease with which diamond composed of carbon is decomposed or diffused into the work material with

the heat generated by its contact with ferrous material. The only countermeasure against this decomposition may be

the use of ultrasonic vibration applied in such a way that there is a gap or a rest period during which the tool is not in

contact with the work material and a cooling medium such as air or lubricant can be introduced into the gap, thereby

preventing the harmful increase in temperature of the tool cutting edge. This countermeasure has been applied in the

field of simple lathe cutting (refs. 1 to 2). However, it has never been applied in the end milling operation.

EXPERIMENTALS AND RESULTS ON ULTRASONIC FRICTION TEST

When ultrasonic machining or cutting is performed, ultrasonic vibration is applied along the cutting direction since

this direction is the most efficient one, in that the machining force can be lowered the most. However, this inevitably

limits the practical maximum cutting speed available for ultrasonic cutting to about 30 m/min. Also, in the case of

end milling, if we apply the vibration along the cutter rotation direction, the maximum peripheral speed available for
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availableforultrasonicmillingwillbeabout30m/min.Thismeansthatif weusea3-mm-diameterballendmill,
theallowablerotationalspeedwillbeonly3200rpm,whichissignificantlylessthanthedesiredrotationalspeedfor
high-speedmilling( atleast10000rpmbutpreferablemorethan40000rpm).In viewofthislimitationin the
conventional"rotational"ultrasonicendmillingoperation,in thisstudywehaveattemptedto applyultrasonic
vibration(u.v.)totheendmill inaverticaldirection,whichwill eliminatethelimit ontheavailablerotational
speedofendmillingoperation.Sincenoonehaspreviouslyinvestigatedtheeffectsofultrasonicvibrationapplied
verticallytotheendmilltool,wehavefirstinvestigatedtheseeffectsusinganultrasonictypefrictiontesterspecially
designedtoinvestigatethetribologicalpropertiesofmaterialssubjectedtoverticalu.v.(ref.3).

Figure1showsaschematicoftheultrasonicfrictiontester.WC-Coalloyballs(coatedoruncoated)were
pressedagainstarotatingdiskplateattachedto theendofanultrasonichornvibratedverticallyat20kHz.The
rotatingdiskchosenwasaustenitestainlesssteel(JIS:SUS304),knowntoeasilyadheretomosttoolmaterials.The
lubricantchosenwasanonrinsingoil whichhasaverypoorlubricatingcapability,butit isveryenvironmentally
friendlysincethereisnoneedtowashawaythelubricantaftertheformingormachiningprocedure.TheWC-Co
alloyballstestedwereanon-coatedone,aDLC-coatedone[bymeansofthePSIImethod(ref.4)],anda TiA1N-
coatedone.

Figure2showsanexampleofthefrictiontest.Ascanbeseen,theballcoatedwithDLCfilmshowedavery
lowandstablefrictioncoefficientvalueevenwithouttheadditionofu.v.,but showedanevenlowerfriction
coefficientvaluewithoutanydelaminationofthecoatingwhentheu.v.wasapplied.Thisresultledustoanticipate
thattheadditionofverticalu.v.asacountermeasureagainsttheharmfuleffectsin thecaseofferrousmaterialmight
beeffectiveevenforcuttingtoolscoatedwithDLCorthosefabricatedfromsimilarmaterialssuchasdiamond.
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Figure 1. Schematic view of the ultrasonic vibration type friction tester
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Figure 2. Tribology test results [Balls coated with DLC(PSII) against austenite stainless steel]
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EXPERIMENTALSAND RESULTS ON END MILLING WITH DIAMOND TOOLS

Figure 3 shows a schematic of the ultrasonic end milling apparatus. The u.v. units (2) and (3) were attached to

the spindle of the machining center. The end mill was mounted to the horn (3) and used to cut the pre-hardened steel

work material. The end mill tools chosen were a DLC-coated WC-Co ally tool, a CVD diamond-coated one, TiA1N-

coated one and sintered diamond tool. Table 1 shows details of the tool, work material and the cutting conditions. As

is evident from the Table, the conditions are those for the finishing end milling operation.

Referring to the results, the DLC-coated tool showed a premature wear out and/or delamination over the cutting

edge, regardless of the addition of u.v., although there was no adherence observed onto the work material. This is

probably due to a severe cutting load or stress which the DLC coating could not withstand. The CVD diamond-

coated tool showed similar results in that the coating delaminated prematurely.

Figure 4 shows a graph plotting the cutting distance versus wear amount over the flank faces of the WC-Co

alloy ball end mill tool coated with TiA1N and sintered diamond tool with the addition of u.v. As is clearly evident in

the figure, the TiA1N-coated ball end mill tool has gradually increased its flank wear, reaching the end of its lifetime

at a cutting distance of 25 m where the wear amount of the tool flank reached 40 gm, resulting in an unacceptable

surface roughness of the work material. In contrast with this, in the case of the sintered diamond end mill tool, the

flank wear shows a linear wear increase up to about 40 gm until the cutting length of 250 m is attained. In other

words, the lifetime of the sintered diamond end mill tool with u.v. was more than ten times that of the TiAlN-coated

WC-Co alloy end mill tool, whereas without u.v. the same sintered diamond end mill tool showed a very poor

lifetime: even after a small cutting distance of about 2.5 m the flank wear reached about 25 gin, confirming the

widely held belief that diamond is not suitable for cutting ferrous materials.

Figure 5 shows a micrograph of the work material surface and the corresponding surface roughness respectively

for the operation of TiA1N-coated WC-Co alloy end mill and the sintered diamond one at a cutting distance of 25 m

with the addition of u.v.. In the case of TiA1N-coated end mill, the tool cutter marks observed were obscure due to

the severe wear of the cutter, while the diamond tool sustained the initial clear cutter marks accompanied with a

rainbow-colored surface peculiarly observed for an ultrasonically cut surface.

Figure 6 shows a micrograph of the TiAlN-coated WC-Co alloy end mill and the sintered diamond one.

,¢f-%...-

" I '|,......I.... ....
[,.7 ooi "'--7 "_I) (1) Machining center spindle

" (2) Ultrasonic vibration unit! ..... ----(2) (3) Ultrasonic vibration horn

L'..- - - -- - - - - -_@_. .._._-_3) (4) End mill

(._[_ _.//-(,4)"_g'_ - _ (5) Vise

_.._ _-i_/f_: I (6) Generator
(7) Work material

d.J ........... L3

Figure 3. Schematic of the ultrasonic vibration end milling apparatus

Table 1. Cutting condition
Tool

Number of teeth

Work material (Hardness)

Frequency f kHz
Rotation speed N min -1

Feed per teeth mm/rev.

(a) DLC-coated WC-Co alloy end mill
(b) CVD diamond-coated WC-Co alloy end mill
(c) TiA1N-coated WC-Co alloy end mill
(d) Sintered diamond end mill

(a):2, (b):2, (c):2, (d): 1

Pre-hardened steel (HRc:40)
60

3OOO

0.05

Axial depth of cut mm 0.2

Radial depth of cut mm 0.1

Type of milling
Lubricant

Down cut

Water-immiscible cutting fluid
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45 (C) Sintered diamond end mill (without u.v.)

40 _coated end mill --

3o
25 __ _)Sint reedd!a?ond--

I 20_10155 1 end mill (with u'v') 2

0 I° r i i i i

0 50 100 150 200 250

Cutting distance/m

Figure 4. Cutting distance versus wear amount over the flank face of (a)

TiAIN-coated end mill without addition of u.v., (b) sintered diamond one with

addition of u.v. and (c) sintered diamond one without addition of u.v.

lgm

Ry: 2.52, Rz: 1.74 Ry: 1.47, Rz: 1.27

(a) TiA1N-coated WC-Co (b) Sintered diamond end

alloy end mill mill (with u.v.)

(without u.v.)

Figure 5. Micrographs of the work

corresponding chart of surface roughness

(Cutting distance of 25 m)

material surface and the
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(a) TiA1N-coated WC-Co alloy end mill

(without u.v.)

(b) Sintered diamond end mill

Figure 6. Micrographs of the TiAIN-coated WC-Co alloy end mill and the sintered diamond one.

[(a) cutting distance of 50 m, (b) cutting distance of 250 m]

ULTRASONIC END MILLING OF THREE DIMENSIONALLY CONTOURED SURFACES

From the above results it is clear that ultrasonic end milling using a diamond tool is applicable in the cutting of

hard ferrous work material and that it has an adequate tool lifetime. Finally, we checked the adaptability of the u.v.

diamond end mill tool when used to finish cut a pre-hardened steel workpiece having the three-dimensional contour.

Figure 7 shows the configuration of the contoured surface in question. The wear amount in such cases, where cutting

points over the tool edge change constantly, was substantially the same as that in the case of plane cutting operation

where the cutting points remain the same.

Tool feed direction :.!.:iiiiiiiiiiiiiiiiiiii!!iiiiiiiiiiiiiiiii:!........ ;.;!ii::iiii:i2.0. :i:i:i:i:i:i:

....  ! Zoo!feed.direction!ii!ii iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiiiiiiiiiiiiii:!:!ii;ii;;iiiililili!!i!!i !!!!i!i!i!i!i!!i!ii!iiiiiiiiiiiiiiiiiiiiiiii
(a) Tool feed: straight line

(cutting distance : 15 m) (b) Tool feed: curved line
(cutting distance : 30 m)

Figure 7. Examples of finished surface for work materials with three dimensional contours

(Work material: pre-hardened steel, Tool : sintered diamond end mil)
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CONCLUSIONS

In an effort to enable the utilization of the diamond tool for ferrous work materials, we have attempted to apply

ultrasonic vibration to the end milling tool along the vertical direction so as to obtain a periodic gap between the tool

tip and the work material surface, thereby enabling the introduction of a lubricant or air into the gap to prevent the

harmful temperature rise of the tool cutting edge. The results have shown that a sintered diamond end mill tool with

the addition of ultrasonic vibration used to cut hard ferrous material (pre-hardened steel) could last ten times longer

than the TiA1N-coated WC-Co alloy tool. Furthermore, the diamond tool assisted by the ultrasonic vibration

demonstrated an equally good performance in terms of tool wear against a pre-hardened steel workpieces with three-

dimensional contours to be finished. Future research will involve further improvement of lifetime of the

ultrasonically vibrated diamond tool so as to enable the cutting of even harder materials such as hardened steel.
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Fine mist of cutting fluid during machining, and associated environmental and operator's

health concerns make environmentally benign machining and manufacturing a major

thrust in US, Europe, Japan and other parts of the world. Further, continued demand for

higher machining yield and hence, high speed machining in combination with
environmentally benign machining makes diamond coating a unique candidate for dry

machining. Diamond research in the past few decades has resulted in few products and a
diamond tool is one of them. Diamond in PCD, thick film and CVD coating (polished

and unpolished) forms offers unique advantages for dry machining. This paper discusses
correlation among diamond tool morphology, machining parameters, nonferrous work

piece properties and particulate emission in dry machining. These findings are important

to gauge the "true" performance of diamond tools for dry machining.
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CMP Pad Dresser: A Diamond Grid Solution

Abstract
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Chemical mechanical planarization (CMP) is the enabling technology for densification of interconnected

circuitry (e.g., VLSI) or memory storage (e.g., DRAM) in semiconducting chips. CMP flattens the wafer by

polishing it against a rotating pad. The pad is immersed in slurry that contains microscopic (e.g., 0.15 micron)

abrasive particles suspended in a solution of chemical (e.g., H202). During the polishing process, a diamond

dresser must be frequently employed to remove the polishing debris to prevent the pad top from glazing.

Moreover, the diamond dresser must refurbish continually the pad surface in order to sustain the polishing rate of

the wafer.

A diamond grid that contains an array of diamond grits is an ideal CMP dresser. The diamond grid may

double the life in dressing. It can also slow down the decay rate of the polishing pad. The process stability is also

reflected in lower machine-to-machine variation, and also lot-to-lot fluctuations.

Furthermore, the open structure of the diamond grid could allow the table speed or down load to increase, so

the wafer can be polished even faster than current technology allows. Because the pad is evenly dressed by the

diamond grid, its life can be extended by at least 50%. In addition, because the slurry can be pushed around to

coat the pad surface uniformly, its abrasive concentration may be reduced (e.g., by using a diluted slurry) to

further save the cost. Thus, the overall reduction of CoO (cost of ownership) for the CMP process may be more

than 20%.

Because the load of a diamond grit is proportional to its separation from the surrounding grits. The diamond

grid can avoid excessive loading to any of its grits. Hence, the likelihood for grit to chip or pullout is negligible.

Thus, the diamond grid has reduced the occurrence of macroscratches on wafers from a typically about 100 PPM

to about 10 PPM (oxide CMP on Mirra machine). Moreover, the diamond grid can assure an uniform pad surface

for polishing, hence, the thickness uniformity of polished wafers is greatly improved (standard deviation reduced

from about 5% to 2%), This is true for wafer-to-wafer variations too. Furthermore, the diamond grid can produce

a flatter pad surface with uniform texture. As a result, the surface of polished wafer is also flatter. Thus, the yield

as well as the quality of the wafer is both increased by using the diamond grid dresser.

The diamond grid may also be coated with a thin layer of nano-crystalline diamond to shield it from the

chemical attack by the slurry. This is critical for polishing metal (e.g., W, AI) layers when acidic slurries (pH.

value may be 3 or less) are used, in particular for Cu recipe. By making the diamond grid acid-proof, it can dress

the pad while the wafer is being polished at the same time. As the result of this in-situ processing, the throughput

of the wafer production may be boosted by 20%. Moreover, with the continuous in-situ dressing, the pad does not

have to be overdressed as in the case of ex-situ dressing. As a result, the pad life will increase further. The mild
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butuniform dressing of the pad will also improve the quality of the polished wafers.

Diamond griddressershave now been used for polishingoxidesand metals in productionby major

semiconductorfabsworldwide. The use of thisrevolutionarydressercan improve significantlythe CMP

technologywiththebenefitsincostofownership,productionthroughput,and waferquality.

Key Words: Pad Dresser, Pad Conditioner, CMP, Diamond Disk, Diamond Brazing, Diamond Coating
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Abstract

Diamond is notoriously difficult to adhere to a metal matrix, hence, diamond grits in saw
segments axe commonly locked in place mechanically. In order to prevent such weakly held diamond
from falling out during the cutting action, diamond saws axe typically used to cut in the same direction
so the metal trailing behind diamond can provide the support against the impact force, such as in the
case of circular saws and wire saws. Multiple blades frame saws with reciprocative motion are
advantageous in cutting large area thin slabs at lost cost. Because poorly adhered diamond cannot cut
both directions under strong impact force, frame saws equipped with diamond segmengs axe used only
to cut soft marble. However, steel blades immersed in the slurry of iron particles are used to drag
along the cutting path to grind away granite slowly (about four days to cut through a block).

Diamond can now be brazed in place by a hard alloy. The strong chemical bond can allow
diamond to cut granite both directions without falling out. Moreover, the protrusion of diamond can
be higher so the cutting rate is increased. Frame saws equipped with brazed diamond segments have
been used successfully to cut hard granite at a speed three times faster than conventional steel shot
frame saws.

The world now employs more than 2000 frames saws that slide granite with iron grits. The
sawing of one square meter using this primitive technology will consume about 6.5 Kg of materials
including 3 Kg of iron grits, 1.5 Kg of steel blade and 2 Kg of lime. If the brazed diamond segment
is used, only 10 grams of diamond and segment would be spent. Hence the latter solution can not
only improve the productivity of the sawing (e.g., by cutting three times faster) and the quality of
granite slabs (e.g. no wavy surfaces with rusty stains), but also do away with massive waste by not
generating it in the first place.

Key Words: Diamond Saw, .Frame Saw, Granite
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Abstract

CVD diamond films have many unsurpassed properties including mechanical hardness, thermal

conductivity, acoustic speed, optical transparency, and chemical inertness. Equipped with such unique

attributes, CVD diamond films have invaded in the market of cutting tools, heat spreaders, tweeter

diaphragms, SAW filters, optical lenses, and electrodes.

CVD diamond films are typically deposited on a flat substrate. The growing surface contains

faceted diamond grains that tend to enlarge with increasing thickness of the film. " Hence, CVD

diamond is intrinsically rough on the growth side of the surface. Sometimes the surface relief may

reach over I00 microns. Because diamond is extremely difficult to machine or grind, the flattening of

CVD diamond is often very hard, if not impractical. In many applications, the post deposition cost is

higher than that for growing CVD diamond.

Many CVD diamond applications rely on using a smooth surface that may be either flat or curved.

Moreover, certain applications calls for CVD diamond formed in complicated shapes. Such surface

quality and/or shape requirements are extremely difficult to achieve, if not impossible .to make.

Hence, no such products are currently available.

As CVD process is derived from a fluid of gas, instead of using a substrate, the diamond film can

be deposite£1 inside a mold. The CVD diamond so formed is similar to a cast. Alternatively, the

CVD diamond can be deposited around a wire, so it resembles a coating process. In either ease, the

metal part (mold or wire) c_ be dissolved in a pool of warm acid (e.g., aqua regia) or by a flux of hot

corrosive gas (e.g., chlorine). The remaining diamond will show the surface that is a replica of the

mold, or a wire (i.e., a tube). In this case, the surface and the shape of the CVD diamond would

duplicate the conditions of the metal part. Hence, no further machining or polishing work may be

necessary.

Kinik Company of Taiwan has developed several forms of CVD diamond products based on this

reverse casting process. Among them are cutting tools with chip breaker, water jet nozzles with long

pinhole, dressers with identical pyramids, etc. This paper will unveil such exotic products currently

under development.
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ABSTRACT

The oxidation probability of hydrogen of methane with metal oxides of Cu, Ni, Co, Fe, Ti and A1 was discussed

by the calculation of equilibrium partial H20 pressure, and diffusional wear rate of diamond was computed and

compared with experimental results. The calculated partial pressure of H20 suggested that the surface layer of

diamond cutting of Cu, Ni, Co or Fe transformed to graphite. In case of Cu, the graphite film formed on the diamond

tool was supposed to act solely as a solid lubricant reducing the wear of the diamond, because the carbon atoms are

not soluble in copper and do not combine with copper. The calculated wear rate of diamond explained experimental

data very well, when the average temperature of cutting interface was supposed to be 560°C for cutting Fe and

600°C for cutting Ni. These results supported the hypothesis that a dissociation of hydrogen chemisorbed on the

diamond surface was the trigger of the graphitization of diamond and the dissociation of hydrogen was caused by the

deoxidization of the metal oxide and the ability of metal oxide as the oxidizing agent was the origin of the metal

catalysis.

Keywords: diamond, metal catalysis, dissociation of hydrogen, diffusional wear

INTRODUCTION

Though diamonds are very hard and highly wear resistant material, it is known (ref. 1) that the diamonds easily

wear during cutting processes of Fe or Ni. This is called as the metal catalysis on the wear of diamonds. Tanaka and

Ikawa (ref. 2) suggested that this phenomenon is concerned with the transformation of diamond to graphite and the

diffusion of carbon into the metal.

Phaal (ref. 3) reported that diamond surfaces became coated with a layer of amorphous carbon throughout the

temperature range of 650-1350°C at relatively low oxygen gas pressures of 0.4 torr and that the presence of the

surface carbon layer at relatively low temperatures of 650°C-750°C could not be accounted for by a purely physical

phase transformation from diamond to the graphite structure because no surface carbon was formed and no surface

attack was found to take place by the heating of a clean diamond to 1350°C in a vacuum of better than 10 -_ torr for

long periods. Matsumoto, Sato and Setaka (ref. 4) found that graphitic carbon was formed with the evolution of

hydrogen from diamond powder on the heating in vacuum up to 1250°C. Pate (ref. 5) showed that the experimental

evidence of the as polished (111) diamond surface suggested hydrogen termination of the surface and that very little,

if any, hydrogen-bonded carbon existed on the reconstructed diamond (111) surface prepared by annealing up to

1000°C in vacuum.

These results look like suggesting that the dissociation of hydrogen chemisorbed on diamond surface would be

the trigger of the graphitization of diamonds. If that is the mechanism, the dissociation of hydrogen should be caused

by the oxidation of hydrogen, because the graphitization of diamond occurred at relatively low oxygen gas pressures

and at relatively low temperatures of 650°C-750°C. In case of cutting metal in air, it is possible that the

deoxidization of the metal oxide, produced by the oxidation of nascent surface formed by cutting, is acting as the

oxidizing agent and that the oxidizing ability of metal oxide is the origin of the metal catalysis.

The present work treats the estimation of the oxidation probability of C-H bond with the oxides of Fe, Co, Ni,

Cu, Ti and A1, and the calculation of the wear rate of diamonds.

METAL CATALYSIS FOR THE GRAHITIZATION OF DIAMONDS

If a diamond surface is terminated with hydrogen (ref. 4 to 5) and the dissociation of the hydrogen is the origin

of the graphitization of diamond, it may be reasonable to deduce that the essence of metal catalysis is the oxidation

of hydrogen atoms chemisorbed on the diamond surface. Therefore, it must be the key point of the metal catalysis
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whethertheoxygen,diffusingintotheregionaroundalipofadiamondtool,isconsumedfortheoxidationofthe
nascentsurfaceofworkmaterialorfortheoxidationofhydrogenterminatingthediamondsurface.

AssumingthatthestandardfreeenergyforformationofmethaneissimilarleveltothatofC-Hbondondiamond
surface,asthevalueofastandardfreeenergyforchemicaladsorptionofhydrogenonadiamondsurfaceis
unknown,thepossiblereactionprocesses,namelytheoxidationofhydrogenbythedeoxidizationofmetaloxide,can
beexpressedasfollows:

CH4(g)+(2/y)MxOy(s)=C(s)+(2x/y)M(s)+2H20(g) (1)
wherethe(s)and(g)meansolidstateandgaseousmatter,respectively.Thechangeofstandardfreeenergyforthis
reactionprocessisshownasfollow:

AG ° = 2 A G° (H20) - A G ° (CH4)- 2 A G° (MxOy)/y (2)

where AG ° (CH4), AG ° (H20), AG ° (MxOy) are the changes of standard free energy at T K for the formation of

CH4, H20 and a metal oxide of MxOy, respectively. Then the ratio between water vapor pressures (arm) and methane

gas pressures (arm) is given as follow:

{P(H20)2/P(CH4)} = 10 -AG°/19"I4T (3)

The water vapor pressures, existing in equilibrium with methane at any pressures, can be calculated by

substituting the standard free energy (ref. 6) into the equation (3). Here there is a problem that what pressures of

methane would be equivalent to the number of C-H bonds on the diamond surface. In order to simplify the matter, we

consider { 100 } crystal face of a diamond single crystal as the lip surface of a diamond tool. Then four hydrogen

atoms would be adsorbed on each {100 } face of a unit crystal cell. As the lattice constant of diamond structure is

0.3567 nm, we can say that about 3x107 hydrogen atoms per lbtm 2 are being adsorbed on the { 100 } face. If we give,

for example, 300 nm for an average gap between the lip surface of a diamond tool and the work surface, namely, the

gap related with the surface roughness of the tool surface and the work surface, we can say that about 3x107

hydrogen atoms are contained in a space of 0.3gmxl_tm 2. Therefore there are about l0 s hydrogen atoms per l_tm 3.

On the other hand, gaseous matter at pressure of 105 Pa contains about 3x107 atoms per lgm 3 at 0°C and about

8x10 _ atoms per lgm 3 at 700°C. Then methane gas at pressure of 105 Pa contains about 1.2x10 s hydrogen atoms per

l_tm 3 at 0°C and about 3x107 atoms per l_m 3 at 700°C, each methane molecule contains four hydrogen atoms.

Though the actual cutting temperature is unknown, the number of hydrogen atoms contained in a unit volume of

methane gas does not change remarkably with temperature. Then we estimated the corresponding methane pressure
to be about 105 Pa.

Table 1 gives the water vapor pressures existing in equilibrium with methane at pressures of 105 Pa. The given

pressures mean that when the water vapor pressures rise above the given one, the oxidation of hydrogen will be

stopped. In case of Cu20, NiO, CoO and FeO, very high equilibrium water vapor pressures are given. Then we can

say that, in case of cutting cupreous, nickelic, cobaltiferous or ferrous material, the chemisorbed hydrogen on

diamond surface will be oxidized and then the diamond surface will be transformed into graphite.

Table 1. E_ uilibrium water vapor pressure for the reduction of CH4 gas of 10 5 Pa by metal oxide, Pa.

300°C 400°C 500°C 600°C 700°C

CuO2 1.2x1012 3.6x1011 1.5x10 n 7.4x101° 4.2x101°

NiO

CoO

FeO

3.5x10 _

6.7x105

5.3x102

2.3x10 -15

9.4x106

1.8x106

3.6x103

9.0X10 -12

1.9x 10 7

.6x106

1.5x 104

4. lx 10 -9

3.4x107

6.3x10 _

4.6x104

4.6x10 -7TiO2*

A1203 1.2x10 -22 7.5x10 -lg 2.7x10 -14 1.5x10 -n

*Standard free energy is obtained in the temperature

5.4x107

9.9x10 _

1.1xl05

2.0x10 -5

region of 1500K-1940K

In case of TiO2, a fairly low equilibrium water vapor pressure of 4.6x10 -7 Pa is given at 600°C. When we

suppose the area of diamond tool's rake or flank face to be lmm 2 and the gap between the diamond tool and work

material to be 300nm, the equilibrium water vapor pressure of 4.6x10 -7 Pa at 600°C is equivalent to being about ten

pieces of H20 molecules in a space of 3xl0Sjam 3 (300nmxlmmxlmm), because gaseous matter contains about 10 7

molecules per lbtm 3 at 600°C and 105 Pa. Also the equilibrium water vapor pressure obtained for TiO2 at 500°C is
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equivalenttobeingabout0.1piecesofH20molecules.Thismeansthatevenif noH20moleculeexistedinaspace
of300nmx1minxlmm,theprobabilityofoxidationofchemisorbedhydrogenwillbeverylow.

IncaseofA1203,theequilibriumwatervaporpressuresobtainedshowsthatthechemisorbedhydrogenonthe
diamondsurfacewillnotbeoxidizedduringcuttingprocessofaluminousmaterialandthediamondwillnotbe
transformedintographite.

CAPABILITY OF COPPER OXIDE OF GRAPHITIZATION OF DIAMOND AND MATAL CATALYSIS

The calculated equilibrium water vapor pressures show that Cu have the most remarkable activity of the

graphitization of diamond. Though there is no report supporting metal catalysis activity of copper, the wear of

diamond is said to become serious when a diamond tool is cutting cupreous material containing hard particles like

Cu-Si alloy (ref. 7). Phaal (ref. 8) suggested that bulk diffusion processes of oxygen through the thick carbon barrier

were controlling the kinetics of etch rate of diamond. Cu is characterized by the property of having no solubility of

carbon.

Considering these data, it become known that the characteristic of copper for metal catalysis can be explained by

accepting the assumption that the continuous or macroscopic graphitization of diamond is caused by the continuous

oxidation of a few carbon atoms on the diamond surface at the diamond-graphite interface and the oxidizing agent is

the oxygen diffused through the graphite film. Then, on the cutting of Cu, even if a thin graphite film were formed on

a lip surface of diamond tool, the thin film will not grow to thick, because copper has no solubility of carbon and

then does not promote the diffusion of oxygen through the graphite film. Therefore the thin graphite film would

solely act as a solid lubricant reducing the wear of diamonds.

In case of cutting of hard particles contained Cu alloy, the surface graphite film will be scraped off. This means

that oxygen can attack the diamond surface. Then the diamond surface will transform in to graphite and the surface

graphite film will wear again by the abrasion of hard particle. Then we can also say that the metal catalysis would be

the promotional ability of the metal atoms diffused in the graphite film for the oxygen diffusion in the graphite film.

MODEL OF DIFFUSIONAL WEAR RATE OF DIAMOND TOOL

When we apply the above hypothesis to the cutting of Ni, Co or Fe with a diamond tool, the graphite film

formed on the diamond surface will be removed by diffusion of carbon in to the work metal or the ejecting chip. The

removing speed would be very fast, because the diamond surface is being always in contacting with a nascent surface

of metal. That is to say, the diffusion of carbon atoms in metal is controlling the wear of diamond.

In case of cutting, it would be a very short period while the diamond surface was in contact with a machined

surface or a chip surface. Then we assume one-dimensional diffusion. In this case, Fick's law is represented by

3C(x, t)/Ot = D 32C(x, t)/Ox 2 (4)

where D is the diffusion coefficient, x is the diffusion length, t is the diffusion time and C(x,t) is the carbon

concentration at a distance x and at a time t. Supposing carbon concentration at the contacting interface was a

solubility limit of carbon in the metal, Co, equation (4) can be solved under the following boundary conditions,

C(x,t) = 0, at t = 0 and C(x,t) = Co, at x = 0. Then we have

C(x,t):Co{1-2/_/-_I[/2US;e-y2dy} (5)

Figure 1 shows the contact model between a lip surface of diamond tool and work surface or chip surface. In this

figure, the diffusion time, t, corresponds to the contacting period between the diamond surface and a certain point of

the work surface. Then the diffusion time is given by

t = 1/V (6)

where 1 is the contact length of the diamond tool along the cutting direction and V is the cutting speed. Then the total

number of carbon atoms, diffusing into the machined metal or chip, can be shown as follow:

Ndif : LBA_73 So C(x,1/V)dx (7)C

where B is the contact width, L is the total cutting length and AcN is the neighboring atomic distance of the metal.

Then, LB is the whole superficies of machined surface or chip and LBAd_ is the total number of the metal atoms on

the area of LB.
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Figure 1. Contact model between diamond tool and work.

On the other hand, the total number of carbon atoms, which composed the wear volume of diamond tool, can be
written as follow:

Ndia = B1ZA_3 (8)C

where Z is the wear depth, B1Z is the wear volume of diamond and AdD is the neighboring atomic distance of

diamond. If the total wear volume of the diamond were caused by the diffusion of carbon atoms into the work

material, we obtain:

N dif _V diac = (9)"*C

Then the wear depth of diamond can be shown as follow:

L(AdD) 3 {--2_f2_e-y2_x (10)Z=TtYgd )IoC°
Here the diffusion coefficient is given by

D = Aexp(- Q/1.99T xl0 -3 ) (11)

where A is a coefficient, Q is the activation energy and T (K) is the average temperature at the cutting interface.

COMPARISON OF CALCULATED WEAR RATE WITH EXPERIMENTAL RESULTS

Ikaw and Tanaka (ref. 1) performed cutting tests using conical diamonds as cutting tools. As their results are useful

to verify our calculation, we calculated the wear rates of conical diamond tools. When a conical diamond was worn

into a truncated cone, the wear depth of cone is given by

Z = d/2tana (12)

where d is the diameter of the upper end face of the truncated cone and _ is the semi-apex angle of the cone. In this

case, 1in equation (10) corresponds to d, namely d = 1. Then

1 = 2Z tang (13)
We call 1 wear width after Ikaw and Tanaka's definition (ref. 1), hereafter. If T, V and _ are given and an initial value

of wear width, 10, or wear depth of the truncated cone, Z0, is chosen, we can calculate a very short wear depth

increase, AZ1, by putting l0 and AL, a short cutting distance, in equation (10). Then putting AZ1 in equation (13), we

get the wear width, 11, after a short distance cutting of AL:

11 = 2(Z 0 + AN1) tang (14)

Then putting 11 in equation (10), we get AZ2. Repeating these calculations, we get the wear width as a function of

the cutting distance. Table 2 gives experimental and calculative conditions. Table 3 gives solubility limits of carbon,

Co, in the metal obtained from phase diagram (ref. 9). Table 4 gives coefficients, A, activation energies, Q, and

neighboring atomic distances, AdM and AdD.

Figure 2 contains the plot of theoretical expression of wear length of the conical diamond tools on the cutting of

Fe and Ni, and experimental results (ref. 1). In this calculation, the temperatures of cutting interfaces are chosen

560°C for Fe and 600°C for Ni to give the best fit results.
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Table2.Experimental and calculativ conditions.

Experiment fief. 1) Calculation

Conical diamond tool cutting Truncated cone diamond tool cutting

110 ° 110 °Apex angle

Nose radius

Cone axis

<100>Cutting direction

Cutting speed

Depth of cut

About 5 lam
<111>

1800 m/min

Apex angle

l0

Cutting speed

AL

1 _tm

1800 m/min

2 gm 0. lm

Coolant No

Table 3. Solubility limit of carbon (ref. 9), at.%.

300o C 400°C 500°C 600°C 700°C
(573K) (673K) (773K) (873K) (973K)

Ni 0.40 0.49 0.57 0.65 0.74

Fe 0.086 0.102 0.121 0.139 0.163

Table 4. Diffusion coefficient and neighboring atomic distance.

Diffusion coefficient (ref. 9)

D = Aexp{-Q/(1.99T/lO00) }

A, cm2/s Q, kcal/mol

Ni 0.1 33.0

Fe 6.2x10 -3 19.2

Neighboring atomic

distance, nm

Diamond 0.178

Ni 0.2491

Fe 0.2481

80

THEORY 0
7o

O Fe X Ni
60 -k9 560oc for FeIKAWA and TANAKA DATA 1_,-"'_ o
50

C for Ni

30 _ v

0 I I I I I

0 3_0 20 30 40 50 60
Cutting distance L, m

Figure 2. Comparison between theoretical and experimental (ref. 1) wear width of conical diamond tool as a

function of cutting distance.

Fig. 2 demonstrates a quite satisfactory agreement between calculated wear rate and experimental data. But the

temperatures of the cutting interfaces seem to be relatively low for the cutting done under the dry condition. These

results can be explained by the high thermal conductivity of diamond. Furthermore, though Ni shows higher thermal

conductivity than Fe, the interface temperature chosen for Ni is higher than that for Fe. Miyoshi and Buckley (ref.

10) reported that Fe shows lower friction coefficient than Ni, when in contact with diamond in vacuum. Therefore,

we can say that the thermal conductivity of diamond should be controlling the cutting interface temperature and the

higher temperature of cutting interface for the cutting of Ni would be caused by higher calorific value due to higher
friction coefficient.
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DISCUSSION

The proposed metal catalysis mechanism is based on the following five assumptions:

(1) The trigger of the graphitization is the dissociation of the hydrogen chemisorbed on the diamond surface.

(2) The dissociation of hydrogen was caused by oxidation.

(3) The oxidation of hydrogen is controlled by the standard free energy for the formation of metal oxide and

consequently by the water vapor pressures around the diamond.

(4) The attractive forth of positive metal ion diffusing in the graphite film promotes the diffusion of oxygen.

(5) The macroscopic graphitization results from continuous partial oxidation of diamond surface.

Among these assumptions, the assumption (1) is supported by the experimental results that hydrogen desorption

temperatures were consistent with the observed graphitization temperature (ref. 4) and very little hydrogen-bonded

carbon existed on the reconstructed diamond surface prepared by the annealing in vacuum up to about 1000°C (ref.

5). The assumption (2) is supported by the experimental results that carbon film was formed at relatively low oxygen

gas pressures and at relatively low temperatures of 650°C-750°C (ref. 3), where the standard free energy for the

formation of H20 was lower than that for the formation of CO (ref. 6). The assumption (3) is supported by the

experimental results (ref. 8) that water vapor reduced the oxygen etching rate of diamond by an order of magnitude

below 750°C. Therefore the assumption (4) and (5) seem to be the main problems.

On the assumption (4), Tanaka, Ikawa and Tanaka reported (ref. 11) that the graphite film, formed on a diamond

surface by heating up to 900°C in vacuum, was very thick when it was heated with iron powder and thin when it was

heated with nickel powder. Though the diffusion process of metal in the graphite film is unknown, we can say

diffusion process should be playing an important role, as y-iron has much higher solubility limit of carbon atoms, 5.6

at. %, than Ni, 0.9 at. % at 900°C.

On the assumption (5), partial oxidation of diamond at the diamond-graphite interface can be considered to

have a function reducing the activation energy for phase transformation. If it is a real fact, it's first step would be the

oxidation of carbon forming diamond structure by the oxygen diffused through the graphite film, namely, formation

of _C-O-C- bonding. The next step would be the formation of layer structure with the progress of oxidation, like a

formation of graphite oxide (ref. 12). Then some graphite oxide layers would become free from the diamond

structure. Though there is no evidence verifying the role of oxidation on the diamond-graphite phase transformation,

we believe this is why a lot of CO2 and CO were evolved by the heating of diamond powder (ref. 4).
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ABSTRACT

Nitrogen-vacancy centres have been created by radiation damage, and annealing at 800 °C, in relatively

dislocation-free type Ia diamonds and type Ib diamonds. Some specimens have been progressively annealed at

temperatures up to 1600 °C in an inert gas or in vacuo; other similar specimens have been annealed at the high-

pressure, high-temperature (HPHT) conditions used to enhance the colour of natural brown diamonds. In the

diamonds containing (N-V-N) ° centres, a substantial concentration of (N-V-N) centres was formed after a 1 hour

anneal at 1500 °C. The annealing data suggest that this charge compensation may occur when a nitrogen-related

centre known as H lb dissociates.

In those diamonds that were heated from 20 °C to 2300 °C over a period of 140 seconds, at a pressure of

5 GPa, the (N-V-N) ° and (N-V) centres completely, or almost completely, annealed out, and no (N-V-N)

centres could be detected. In brown type Ia diamonds, annealed in this way, those optical centres are present in

medium to high concentrations. The present results therefore indicate that the production of these centres in HPHT-

annealed type Ia diamonds is a dynamic process with the generation and annealing in competition.

Keywords: point defects, absorption and luminescence spectroscopy.

INTRODUCTION

In this investigation, type Ia and type Ib diamonds have been subjected to radiation damage and annealed in the

temperature region 1000 to 2300 °C. The work has been carried out to reach a better understanding of some of the

phenomena observed when natural brown gem diamonds are annealed at high pressure and high temperature (HPHT)

to improve their colour.

Recent research (refs. 1,2) has shown that when natural type Ia brown diamonds are annealed under HPHT

conditions, the colour changes from brown to yellow or yellow-green. The annealing temperatures employed are of

the order 2000 °C, and rather higher temperatures are required to produce the green component of the colour.

Spectroscopic analysis of the diamonds after annealing shows that the yellow colour is produced by absorption in the

H3 band, and the green colour is a result of combined absorption in the H3 and H2 bands. Both of these absorption

bands can be produced in diamond by radiation damage and annealing, and are a result of vacancies being trapped at

the A aggregate of nitrogen (refs. 3,4). The A aggregate is a nearest-neighbour pair of substitutional nitrogen atoms

(ref. 5) and, on trapping a vacancy, a local rearrangement occurs to produce the N-V-N structure. In type Ia

diamond (in which virtually all the nitrogen is present as aggregates) this defect is present in the neutral charge state,

(N-V-N) °, which is the H3 centre. However, if a sufficient concentration of single substitutional nitrogen is present,

some of the defects will be present in the negative charge state, (N-V-N) , namely H2 centres. (Single nitrogen in

diamond acts as a deep donor, from which a charge transfer occurs to nearby defects.)

An efficient way to produce H2 centres is to start with an irradiated type Ib diamond which has been annealed to 800

°C. The dominant defect in such a specimen will be (N-V) centres, produced by the trapping of vacancies by the

single nitrogen (ref. 6). On annealing at higher temperatures, typically 1500 - 1700 °C, the (N-V) centres migrate

through the diamond and, by means of a vacancy-enhanced aggregation process, both A aggregates and N-V-N

centres are formed (ref. 7). Some of these will be in the neutral charge state (H3) and some will be in the negative

charge state (H2), depending on the proximity of single-nitrogen donors.
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H2centresarealsoproducedwhennaturalbrowntypeIadiamondsareannealedunderHPHTconditions
(ref.1).Infigure1weseethatsubstantialabsorptionhasbeenproducedin theH2andH3bands,andabsorptionat
1.945eVdueto(N-V) centresisjustdetectable.Thedefectresponsiblefortheoriginalbrowncolourisnotknown,
butmostspecimensshowevidenceofplasticdeformation.It isargued(ref.1)thatatthetemperatureusedfor
annealing,somehealingoccursoftherupturedbondsassociatedwiththeplasticdeformation,soreleasingvacancies
whichbecometrappedattheA aggregatestoformN-V-Ncentres.Thishealingprocessalsoresultsinareduction
ofthebrowncoloration.Furthermore,atthesehightemperatures,asmallfractionoftheA aggregatesdissociatesto
formsinglesubstitutionalnitrogen(ref.8).SomeofthesedonateanelectrontotheN-V-Ncentres,generatingH2
centres,andafewtrapvacanciestoproduce(N-V) centres.DissociationoftheA aggregatesismoreprobableat
hightemperatures,andthisiswhythelowerannealingtemperaturesproducepredominantly(N-V-N)° centres,
whereasannealingathighertemperaturesalsoproduces(N-V-N) and(N-V)centres(ref.1).
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Photon energy (eV)

Figure 1. Absorption spectrum of a natural brown diamond after HPHT processing.

Many natural type Ia diamonds contain some nitrogen in the form of B aggregates which comprise four nitrogen

atoms symmetrically surrounding a vacancy (ref. 9). A vacancy trapped at a B aggregate produces an H4 centre

which absorbs in a similar spectral region to an H3 centre. However, at high temperatures the H4 centres dissociate,

producing some H3 centres in the process (ref. 10). Therefore, even though some brown diamonds contain the

majority of the nitrogen as B aggregates, no H4 absorption is detected in the specimens after HPHT annealing.

EXPERIMENTAL

For this investigation a selection of type Ia natural diamonds and type Ib synthetic diamonds was used that had

been previously irradiated with either neutrons or 2-MeV electrons, and then annealed at approximately 800 °C.

Details of the specimens are given in table 1. One set of diamonds was further annealed at 1000, 1200, 1350, 1500

and 1600 °C for nominally 1 hour at each temperature. An inert atmosphere, or vacuum for the 1600 °C anneal, was

used to minimise the catalytic graphitisation of the specimens caused by the presence of oxygen. For the anneals at

1000 and 1200 °C the diamonds were pushed to the centre of the furnace once it had come up to temperature. For the

higher temperatures the specimens were placed at the centre of the furnace at 1200 °C, and the temperature was then

ramped up to the set point once the flow of inert gas, or a good vacuum, had been established.

The second set of diamonds was annealed under HPHT conditions at the NovaDiamond facility in Provo, Utah.

Here the temperature of the diamonds was increased to approximately 2300 °C over a period of 140 seconds, and

then the temperature decreased rapidly as the heating power was switched oft'. During the heating cycle the diamonds

were subjected to a pressure of approximately 5 GPa.
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Table1.Detailsofdiamonds,irradiationsandtheannealings.

Approx.nitrogen Irradiation Anneal
Diamondtype concentration(ppm)

Ia A>>B 600 neutron 1000to1600°C

Ia A>>B 600 electron 1000to1600°C

2xIb 70,140 electron 1000to1600°C
Ia A>>B 600 neutron 2300°C
Ia A>>B 600 electron 2300°C

Ia B>>A verylow electron 2300°C
Ia A>>B 450 neutron(highdose) 2300°C

Ia B>A 700 neutron(highdose) 2300°C
2xIb 130,180 electron 2300°C

Aftereachanneal,absorptionspectraofallthespecimensweremeasuredonthreeseparatespectrometersto
covercontinuouslythespectralregionfrom400nmto25gm(25000to400cml). Formeasurementsinthevisible
andnear-infraredregionsthediamondswerecooledto77K.Thisensuresthatthezero-phononlinesresultingfrom
electronictransitionsintheseregionsaresharpandwellresolved.Spectraintherange4000to400cm1arehardly
affectedbycooling,andwererecordedatroomtemperature.

RESULTS

AnnealingtypeIaAdiamondto1600°C
Figure2showstheabsorptionspectrumoftheneutron-irradiatedtypeIaAdiamondafterannealingat1600°C.

A substantialH2absorptionhasbeencreated,wherenoneexistedforannealingtemperaturesbelow1200°C.
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Figure 2. Neutron-irradiated type IaA diamond annealed at 1600 °C.
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OnlyasmallreductionhasoccurredintheintensityoftheH3band,butacontinuumabsorptionunderlyingthe
H3band,andwhichincreasedprogressivelytowardshigherenergies,hasbeensignificantlyreduced.Thecolourof
thediamond,originallyorange/yellowisnowyellow/green.It isdifficulttoquantifythechangeintheH3absorption,
becausethetransmissionatthepeakofthezero-phononlinewasoriginallytoosmalltomeasurereliably.Forthe
electron-irradiateddiamondtheintensitydroppedtoapproximately90%oftheoriginalvalue.(Thatcompareswith
adroptoapproximately30%observedearlierafterannealingfor5hoursat1500°C(ref.10).)

Anabsorptionlineat595nm(2.086eV)canfirstbedetectedinelectron-irradiatedtypeIadiamondafter
annealingat275°C(ref.10).Thereisnoevidenceforvacancymigrationatthistemperature,andsothecentreat
whichthisabsorptionarisesisassumedtoinvolveaninterstitialatom.Using12-houranneals,theintensityoftheline
continuestogrowuntil800°C,thenisdestroyedbytwofurtherheattreatmentsat900and1000°C(ref.10).Asthe
2.086eVlineisdestroyed,twonewlinesareproducedinthenearinfraredregion(ref.11);theseareknownasHlb
at2024nm(0.612eV)andHlc at1934nm(0.641eV).Theavailableevidencesuggests(ref.11)thatthecentres
givingrisetotheseabsorptionlinesareformedwhenpart,orall,ofthedefectwhichcomprisesthe2.086eVcentre
istrappedattheAaggregate(toformHlb)ortheBaggregate(toformHlc).

Figure3showsannealingdataforthe2.086eV,HlbandH2linesobservedfortheneutron-irradiateddiamond
usedinthepresentinvestigation.Wesee,asreportedpreviously(ref.11)thattheHlb linegrowsasthe2.086eV
lineisdestroyed,althoughhereafinaltemperatureof 1350°Cfor1hourisrequired,comparedwith12hoursat
1000°Cfoundin theearlierwork.Thesignificantnewfindingtoemergefromthesemeasurementsis thatthe
destructionoftheHlbline,onannealingfrom1350to1600°C,isaccompaniedbyagrowthoftheH2absorption.
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Figure 3. Annealing data for neutron-irradiated type IaA diamond.

HPHT annealing of type IaA diamond to 2300 °C

Two type IaA diamonds, one electron-irradiated and the other neutron-irradiated, together with two very heavily

neutron-irradiated diamonds, were annealed using the same conditions as those used to change the colour of natural

brown diamonds. The heavily neutron-irradiated diamonds were initially opaque to visible and infrared irradiation,

even after annealing at 800 °C. After the HPHT annealing all specimens had a yellow/orange colour due to the

presence of isolated substitutional nitrogen, but in none of them could any H2 or H3 absorption be detected. Typical

spectra are shown in figure 4. For the heavily neutron-irradiated diamonds, the diamonds types, and approximate

nitrogen concentrations, were determined after the annealing, and are shown in table 1.

HPHT annealing of a type IaB diamond to 2300 °C

After radiation damage and annealing at 800 °C, the type IaB diamond exhibited a weak H4 absorption. A

further anneal at 2300 °C completely destroyed the H4 absorption, but it was still possible to detect an extremely

weak H3 absorption. This is consistent with earlier work (ref. 10) which showed that annealing for 5 hours at

1500 °C substantially reduced the H4 absorption and increased the H3 absorption. The interpretation of this
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phenomenonisthattheH4centre(4nitrogenatomsplus2vacancies)dissociatestoformanH3centre(2nitrogen
atomsplusavacancy)andotherminorproducts(ref.10).Thediamondusedinthepresentinvestigationistheonly
onethatstillexhibitedH3absorptionaftertheannealat2300°C.Thespecimenisalsountypicalinthatit hasavery
lownitrogenconcentration.It is desirabletorepeatthismeasurementwithtypeIaBdiamondscontainingafew
hundredppmofnitrogen.

AnnealingtypeIbdiamondto1600°C
Figure5showstheabsorptionspectrumoftheelectron-irradiatedtypeIbdiamondafterannealingat1600°C.

Examinationofthedefect-inducedone-phononspectrashowsthat,afterannealingat1350°C,someaggregationof
singlenitrogentoAaggregatescanjustbedetected,andthatafterannealingat1600°Casubstantialfractionofthe
nitrogenisintheformofAaggregates.Thespectruminfigure5isthenaswewouldexpectfromtheworkofMitaet
al. (ref.4), withsignificantconcentrationsof H2andH3centresbeginningto form.Thevacancy-enhanced
aggregationprocesscanbewrittenas(ref.7)

N-V + N _ N-V-N _ N-N + V
N +V---_N-V

andeachvacancyisbelievedtogoroundthisloopapproximately100times(ref.7).Somevacanciesare,however,
lostintheprocess,andtheintensityofthe(N-V) absorption(zero-phononlineat1.945eV)infigure5hasfallento
approximately10%ofthestartingvalue.
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Figure 4. Neutron-irradiated type IaA diamond before and after 2300 °C anneal.
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Figure 5. Electron-irradiated type Ib diamond annealed at 1600 °C.
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IrradiatedandannealedtypeIbdiamondsexhibitanabsorptionpeakat1450cm1,knownasHla,associated
withalocalisedvibrationalmode.Measurementsondiamondsdopedwithapproximatelyequalconcentrationsof 14N

and 15N have established that the centre consists of a nitrogen interstitial (ref. 12), and studies of this centre in

diamonds grown from mixtures of 12C and 13C have established that the nitrogen occupies a position midway

between two nearest-neighbour carbon atoms, displaced off the axis between them (ref. 13). Woods (ref. 14) showed

that the intensity of the Hla peak is reduced to half of its maximum value after 4 hours' annealing at 1400 °C. Figure

6 shows annealing data for the type Ib diamond used in the present work, comparing the intensities of the Hla, Hlb

and H2 lines. We note that the growth of H2 is uncorrelated with the decay of either Hla or Hlb.
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Figure 6. Annealing data for electron-irradiated type Ib diamond.

HPHT annealing of type Ib diamond to 2300 °C

Two electron-irradiated type Ib diamonds, having an intense pink colour due to absorption in the 1.945 eV band

associated with the (N-V) centre, were annealed using the same conditions as those used to change the colour of

natural brown diamonds. After the HPHT annealing no 1.945 eV absorption could be detected in either specimen;

spectra for one diamond are shown in figure 7. The H2 and H3 absorption systems, produced in similar diamonds

after annealing to 1600 °C (figure 5) have also completely annealed out.
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Figure 7. Electron-irradiated type Ib diamond before and after 2300 "C anneal.
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DISCUSSION

Annealing phenomena in diamond are greatly affected by the temperature used, and the time spent at that

temperature. There is also evidence from this work, and earlier work, that annealing rates are affected by the

concentrations of nitrogen in the diamonds. Furthermore, it would not be surprising if electron-irradiated diamonds

behaved differently to neutron-irradiated specimens. It is therefore difficult to intercompare data already in the

literature, or to compare the present data with earlier work, without apparent discrepancies appearing. Nevertheless

important insights have emerged from this preliminary study.

The results clearly show that H2 absorption can be produced in type Ia and type Ib diamond by irradiation

damage and annealing to approximately 1600 °C (figures 2 and 5). The mechanisms are believed to be different for

these two types of diamond.

For type Ib diamond the annealing produces an appreciable aggregation of nitrogen to form A-aggregates

through a vacancy-enhanced process for which the formation of N-V-N centres is an intermediate step (ref. 7).

Because the diamond still contains a substantial concentration of single-nitrogen donors, then, as demonstrated in

reference 4, some of the N-V-N centres will be in the negative charge state (H2 centres).

For type IaA diamond, irradiation and annealing to 800 °C produces predominantly 2.086 eV and H3 centres.

Annealing to 1350 °C in the present investigation completely destroys the 2.086 eV absorption (figure 3) and the

intensity of the Hlb absorption reaches its maximum intensity at this same temperature. This finding for the neutron-

irradiated diamond confirms the complementary annealing behaviour observed previously (ref. 11) for the 2.086 eV

and H lb lines, although the behaviour was less convincing for the electron-irradiated diamond used in the present

work. There is currently no detailed atomic model available for the Hlb centre, but the available evidence (ref. 11)

indicates that it comprises all or part of the 2.086 eV centre trapped at an A aggregate.

Figure 3 shows that, for type IaA diamond, as the Hlb line anneals out, there is a corresponding growth in the

intensity of the H2 band. We can speculate that dissociation of the Hlb defect generates isolated substitutional

nitrogen atoms which donate their negative charge to nearby H3 centres. However, it is puzzling that there is no

obvious reduction in the intensity of the H3 absorption as the H2 absorption grows. An alternative explanation is that

the dissociation of an H lb centre directly generates an H2 centre. If that is the case, figure 6 clearly shows that this is

not the mechanism in type Ib diamond, for which a substantial increase in the H2 absorption occurs while the

intensity of the H lb absorption hardly changes.

We have seen for the neutron-irradiated type Ia diamond (figure 3) that a 1 hour anneal at 1500 °C reduces the

intensity of the Hlb line by almost 90 %. If we assume that the centre is dissociating, the decay of the intensity will

follow first-order kinetics, and we can write that the number of centres N(t) at time t is related to the number N(0) at

the start of the anneal by N(t) = N(0) exp (-t / _), where • is a lifetime. The probability P of dissociation is

P = v exp (-E / kBT) where v is the attempt-to-escape frequency, E is a thermal activation energy, T is the absolute

temperature and kB is Boltzmann's constant. Putting 1/• = P and setting v = 3.9 x 1013 Hz, the vibrational

frequency of the diamond lattice, allows us to estimate E = 5.9 eV.

This simplistic approach does not explain satisfactorily the shape of the annealing curve for the Hla centre in

figure 6. This more nearly follows second-order kinetics, for which, using the same symbols as previously, [ 1/N(t) -

1/(N(0) ] -- const, x Pt. In this case an estimate for E can be obtained by using data for two different annealing

temperatures.

There are insufficient data in this preliminary investigation to determine reliably the order of the kinetics or the

activation energies. What is clear, however, is that if the estimated energies are used to determine the concentrations

of the optical centres under study, following an anneal in which the temperature rises to 2300 °C in 140 seconds, in

almost all cases the concentrations will be negligible whether the simulation is performed using first-order or second-

order kinetics. This is consistent with the experimental observation that the H2, H3 and 1.945 eV absorption bands

could not be detected in the irradiated samples following such an anneal.
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Thedisappearanceoftheseabsorptionbandsin irradiateddiamondscontrastsmarkedlywiththeproductionof
thesamebandsinnaturalbrowndiamondsannealedunderthesameconditions(figure1).Herewemusttherefore
concludethatwehaveadynamicequilibriuminwhichvacanciesarebeingcontinuallyreleasedandtrappedatthe
nitrogenastheannealingproceedswhile,atthesametime,theopticalcentresbeingcreatedarealsobeingdestroyed
throughdissociation.Theendresultthereforedependscriticallyonthetimeandtemperatureprofile,aswellasthe
propertiesofthestartingmaterial.

Inanearlierinvestigation(ref.1)it wasdemonstratedthatif atypeIadiamond,freefromplasticdeformation,is
subjectedtoanHPHTanneal,noH3orH2absorptionisproduced.However,theannealeddiamondhasayellow
colourbecauseof thedissociationof someaggregatednitrogentoproducesinglesubstitutionalnitrogenwhich
absorbsintheblueregionofthevisiblespectrum.TheresidualyellowcolourinthetypeIairradiateddiamondsused
inthepresentinvestigationisalsocausedbythiscontinuumabsorption(figure4).InthetypeIbdiamondssubjected
to theHPHTanneal,approximately25%of thenitrogenremainsin singlesubstitutionalform,producingan
identicalcontinuumabsorption(figure7).

In thisreportwehaveconcentratedonthemajorabsorptionfeaturespresentin theirradiatedandannealed
diamonds.Wehavealsoobservedotherminorcomponentsin thenearinfraredandredspectralregions.For
example,inthetypeIaAdiamonds,thespectrashowedtheHlf andHlglines(ref.15)andmorethan10previously
unreportedlinesbetween5000and11000cm-1,andat644and649nm(1.925and1.910eV),thatexhibitvarious
annealingstagesinthetemperaturerangeinvestigated.Theseareassumednottohaveadominantinfluenceonthe
phenomenaobserved.

ACKNOWLEDGMENTS

Dataforfigures4 and6wereobtainedbytheauthoratNovaDiamond,Provo,Utah.Theauthorisgratefulto
DavidHallandJoeFoxfortheirinvitationtovisitNovaDiamond,andformakingavailablefacilitiestocarryoutthe
research.Dataforfigures2,3,5and6wereobtainedbyAlexConnorduringhisfinal-yearprojectatKing'sCollege
London.

REFERENCES

1. Collins, A. T., Kanda, H. and Kitawaki, H.: Colour changes produced in natural brown diamonds by

high-pressure, high-temperature treatment, Diamond and Relat. Mater., 9, 2000, 113-122.

2. Reini_,I.M.,etal.:Identification of HPHT-_eated yellow to green diamonds, Gems & Gemolog> 36,

2000,128-137.

3. Davies, G.: The effect of nitrogen impurity on the annealing of radiation damage in diamond,

J. Phys. C: Solid State Phys., 5, 1972, 2534-42.

4. Mita, Y.,etal.: Phomchromismof H2 and H3 cen_esin synthetic typeIb diamonds, J. Phys.: Condens.

Ma_eg 2, 1990,8567-8574.

5. Davies, G.: The A nitrogen aggregate in diamond - its symmetry and possible structure, J. Phys. C:

Solid State Phys., 9, 1976, L537-L542.

6. Davies, G. and HamegM. E: Opticalstudiesof We 1.945 eV vibronic bandin diamond, Proc. R. Soc.

(London) A ,348,1976,285-98.

7. Collins, A.T.: Vacancy enhanced aggregation ofni_ogenin diamond, J. Phys. C:Solid State Phys.,13,

1980,2641-2650.

NASA/CP--2001-210948 230 August6,2001



8.Brozel,M.R.,EvansT.andStephenson,R.E:Partialdissociationofnitrogenaggregatesindiamond
byhigh-temperaturehigh-pressuretreatments,Proc.R.Soc.Lond.A,361,1978,109-127.

9.Loubser,J.H.N.andvanWyk,J.A.:ModelsforH3andH4centresbasedonESRmeasurements,
DiamondConference,Reading,UK,1981.(Unpublishedabstracts.)

10.Collins,A.T.:Hightemperatureannealingof electron-irradiatedtypeI diamond,Inst.Phys.Conf.
Series,46,1979,327-333.

11.Woods,G.S.andCollins,A. T.:Newdevelopmentsin spectroscopicmethodsfor detecting
artificiallycoloureddiamonds,J.Gemm.,20,1986,75-82.

12.Woods,G.S.andCollins,A.T.:.The1450cm-1infraredabsorptioninannealedelectron-irradiated
typeI diamond,J.PhysC:SolidStatePhys.,15,1982,L949-52.

13.Kiflawi,I.,etal.:Nitrogeninterstitialsindiamond,Phys.Rev.B,54,1996,16719-26.

14.Woods,G.S.:Infraredannealingstudiesoftheannealingofirradiateddiamond,Phil.Mag.B,50,
1984,673-88.

15.Kiflawi,I., et al.:Newinfraredabsorptioncentresin electronirradiatedandannealedtypeIa
diamonds,DiamondandRelatedMater.,8,1999,1576-80.

NASA/CP--2001-210948 231 August6,2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

DEFECT AGGREGATION AND DISSOCIATION IN DIAMONDS DURING

ANNEALING UNDER HPHT CONDITIONS

Filip De Weerdt

Hoge Raad voor Diamant (Diamond High Council), Hoveniersstraat 22, 2018 Antwerp, Belgium; e-mail:

research @hrd.be

ABSTRACT

Under influence of high pressure (+ 7 GPa) and high temperature (+ 2000°C) point defects in diamond can

aggregate and dissociate. When performing this type of annealing on brown coloured type Ia diamonds the colour

changes from brown to intense greenish yellow. Sample characterisation before and after HPHT annealing with UV-

VIS-NIR and FTIR spectroscopy indicate a dissociation of a nitrogen containing defect and the so-called IR active

"Amber" centre. Other defect centres like the H3, H2, [N-V]- and [N-V] ° defects can be formed during the

annealing sequence.

Keywords: HPHT annealing, point defect, LW-VIS-NIR spectroscopy, FTIR spectroscopy.

INTRODUCTION

Defect aggregation of defects in diamond can be achieved by applying high pressure and temperature to the

diamond so that impurities can overcome the energy barrier required for the diffusion of the defect. The new defects

created by the annealing strongly depend on the diamond type and defect content.

During irradiation with high energy particles, vacancies are created (GR1 centre with a ZPL line at 741 nm). In

type Ib diamonds with mainly C defects (single substitutional nitrogen) a large number of those vacancies capture an

electron donated by the C centre [1,2]. The GR1 centre is then converted in ND1 centre with a ZPL line at 393 nm.

During subsequent annealing at about 600 to 700°C, vacancies become mobile and can be captured by C centres

themselves, with a resulting N-V centre. That centre can also capture an electron resulting in a negatively charged N-

V centre with a ZPL line at 637 nm. The neutral charge state, however, is believed to be associated with a ZPL line

at 575 nm [2,3].

The annealing sequence is different for type Ia diamonds. Those diamonds contain nitrogen in an aggregated

state: A and B defects (resp. 2 nearest neigbouring nitrogen atoms and 4 nitrogen atoms surrounding a vacancy)

which convert in H3 and H4 centres respectively when capturing a vacancy. The neutral charge state of the N-V-N

centre has its ZPL line at 503 nm and the negative charge state of the N-V-N centre has its ZPL at 986 nm [3,4].

Massive irradiation damage and annealing at 300°C of type I diamonds results in formation of a centre with a

ZPL at 594 nm [5-7]. It is believed to appear after a change in the Fermi-level due to the capturing of electrons

originating from the C centres who act as deep donors in diamond by electron traps in irradiated diamond. The

nature of the traps is not yet fully understood.

During HPHT annealing of natural diamonds a number of those described centres can be annealed in. Other

centres can be annealed out: dissociation of platelets and A centres [8,9,10]. The components in which the platelets

dissociates are not known.

EXPERIMENTAL SETUP

UV-VIS-NIR measurements were performed using a diode-array spectrophotometer equipped with a grating

with 300 g/mm and a quartz optical fibre in a way that commercially polished diamonds could be measured. The

transmission spectrum of the diamond from 400 to 820 nm is measured that way. By rotating the grating, the

transmission spectrum can be measured up to 1020 nm. Because illumination of the sample is performed before the

grating, the fluorescence and absorption of the sample are measured simultaneously.

FTIR measurements are performed with a commercial Bio-Rad FTS-40 spectrophotometer equipped with a

DRIFT accesory. This allows us to measure FTIR spectra of polished diamonds.

Fluorescence imaging was done with a De Beers DiamondView. This instrument uses a short wave UV lamp

(maximum centered around 255 nm) to excite luminescence in a skindeep portion of the diamond. The image is

captured by a digital camera.
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Withall thosemeasurementtechniquesthepolisheddiamondismeasuredin onetimewhichrendersthe
absorptionduetoimpuritiesindiamondimpossibletocorrelatewiththeconcentrationofimpuritiesbecausethepath
lengthofthetransmittedlightbeamisimpossibletodetermine.

PhotoluminescencespectraweremeasuredwithaRenishawmicro-Raman1000spectrophotometerusinga
HeCadlaser(325nm).

RESULTS AND DISCUSSION

Samples

HPHT annealed diamonds were on research loan from the NovaDiamond company. Those samples were only

studied after annealing. These diamonds are of type Ia with a brown colour before annealing. After annealing, they

became yellow with a strong green tone due to the strong green H3 fluorescence. Annealing conditions reported to us

by NovaDiamond and others were around 2000 °C at a pressure of about 6 Gpa, for approximately 30 minutes

[10,11,12].

Another brown type Ia diamond was cut in half and one part was kept as a reference. The other part was

subjected to annealing at 1900 _+70 °C and 7 GPa for 10 hours in a BARS press [13]. Both diamonds were polished

in plates with approximately the same width. The annealed diamond sample will be hereafter referred to as HRD1,

while the original sample will be referred to as HRD2.

All samples showed strong birefringence in transmitted light illumination when the diamond is placed between

two polarisation filters. That indicates that the diamond was subjected to strong plastic deformation. The brown

colour is attributed to the presence of this plastic deformation [10,14]. This supposition is supported by the fact that

brown coloration in type Ia diamonds correlates with strong plastically deformed diamond (111) layers. In pink type

Ia diamonds a similar feature is seen: sheets of pink colour concentration correlates with strong plastically deformed

regions.

Measurements

The diamond samples deliverd to us by NovaDiamond exhibited large cracks and were not cooled to liquid

nitrogen temperature because of the risk of enlarging the cracks. UV-VIS-NIR measurements clearly showed the

presence of strong green H3 fluorescence. Some diamonds exhibited very weak [N-V]- absorption at 637 nm. In the

NIR spectrum, all samples a very strong H2 ZPL at 986 nm was observed together with a very strong sideband. In

the FTIR measurements a very weak maximum was observed at 1344 cm -1, indicating the presence of C centres. The

so-called "Amber-centre", often observed in brown type Ia diamonds, was not detected. This Amber-centre in FTIR

is a broad absorption band centered around 4170 cm -1.

The HRD1 sample did not display the Amber-centre in the FTIR spectrum, while the HRD2 sample does display

the defect in the FTIR spectrum. The UV-VIS-NIR spectrum at liquid nitrogen temperature of the HRD1 sample

clearly shows an increase of H3 absorbance and fluorescence (see figure 1). H2 was not observed in the HRD2

sample, but it is clearly measurable in the NIR spectra of the HRD1 sample.
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Figure 2. UV-VIS spectra of the HRD1 and HRD2 sample. For reasons of clarity the spectrum is only

displayed in the region between 400 and 720 nm. The transmittance scale on the left is for the spectrum of the

HRD1 sample (black graph) while the right scale is valid for the HRD2 sample (red graph). A strong increase

of H3 fluorescence is clearly visible.
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ObservationsmadewiththeDiamondViewdeviceshowthatthegreenH3fluorescenceis notuniformly
distributedinthediamond,butrelatedtothegrowthhistoryofthediamond(seefigure2).Sampleinhomogenityisa
majorprobleminallsamplesunderstudy,andit isasourceoferrorsinourmeasurementsaslocalabsorptioncanbe
largeror smallerthanmeasuredwithourspectroscopictechniques.Asaconsequence,theFermi-levelis not
homogeneousindiamond,anda"local"Fermi-levelvaryingthroughthediamondanddependingonlocaldefect
concentrationsshouldbeused.ThefactthatalowerH3luminescenceisobservedinsomesectorsofthediamond
canbeduetoalowerH3concentrationorduetoarelativelyhigherconcentrationofresidualA defects,quenching
theH3luminescence.

PLspectraweretakenapproximatelyatthecentreoftheHRD1andtheHRD2sample.Fromthespectra,it is
clearthatthereisasubstantialreductionofthe491nmline,associatedwithdecoratedsliplines.Thismeasurement
isconsistentwiththedataofref.10.

-.-;.-- -.;:
• o._°

Figure 2. DiamondView image of a HPHT annealed diamond with green H3 fluorescence. It can be observed

that some of the luminescent centres decorate slip lines, while others are dearly confined to sectors related to

the growth history of diamond.
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Figure 3. PL spectra of the HRD1 and the HRD 2 sample at 80 K. There is a clear reduction of the 491 nm

line. Oscillations in the spectrum in the region between 600 nm and 650 nm are real, and also observable in

absorption measurements [15]. The H3 fluorescence was very strong in the HRD1 sample and the exposure

time had to be reduced by a factor of 2. The laser beam had to be attenuated to a factor of 10 relative to the

laser beam in tensity used for measuring the HRD2 sample.

Discussion

From the UV-VIS-NIR absorption spectra, it can clearly be observed that there is an increase of H3 defects.

The source of the vacancies is not fully understood but thermally activated, moving or interacting dislocations might

be a source of vacancies [10,16,17]. However, it is calculated that the activation energy for dislocation motion is

about 3,3 eV, but in the presence of other defects like hydrogen, the activation energy might be sufficiantly lowered

[ 18] in order to be thermally activated under the applied annealing conditions.
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NaturaldiamondsamplesdodisplayalowconcentrationofGR1defectsbecauseofaradiationdamageina
skindeeplayerof thediamond,butitsconcentrationis toolowin orderto beresponsiblefortheincreasedH3
absorption/luminescence.

Thefactthatthe[N-V]-andtheH2defectsappearafterHPHTannealingofthediamondpointsatthefactthat
donorcentreshavebeenformedinthediamonds,relocatingthe"local"FermilevelaroundtheH3andthe[N-V]°
defects.PossibleelectrondonorsareCcentres,howeverthemagnitudeoftheabsorptionduetotheH2defectinthe
diamondsHPHTannealedbyNovaDiamondisveryhighcomparedtotheH2in theHRD1sampleandonlyalow
concentrationof Ccentresisdetectedinthediamonds.Othersourcesofelectrondonorsshouldbeconsidered.
HPHTannealingconditionsemployedbyNovaDiamondareveryclosetothethermodynamicdiamond/graphite
equilibrumline,andthismightfavourtheformationofotherelectrondonors.

CONCLUSION
It isseenfromtheobservationsthatH3andH2iscreatedduringannealingconditions,butthesourceofthe

vacanciesisnotyetfullyunderstood.Alsothesourceoftheelectrondonors,givingrisetothepresenceofH2and
[N-V]-centresisnotfullyclearedout.ResultsoftheHPHTannealingdependsonsampleandannealingconditions.
TheAmber-centreintheFTIRspectrumisclearlyannealedoutbytheappliedHPHTparameters.Itscomponentsin
whichit dissociatesisalsonotfullyunderstood.
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ABSTRACT

The paper reports on a study of the effect of fullerene co-catalyst for high pressure - high temperature (HPHT)

synthesis of diamond from graphite. It has been shown that the fullerene co-catalyst results in the increase of the

yield of the graphite-diamond transformation in 1.8 times.

Keywords: diamond, fullerene, HPHT synthesis, catalyst

INTRODUCTION

One year later of the Huffinan Krfitschmer arc method discovery for fullerene production (ref. 1) the paper of

R.S. Ruoff and A.L. Ruoff with the intriguing title, "Is C60 stiffer than diamond?", has been published (ref. 2). It

was a starting point for research of fullerenes as a material for synthesis of superhard carbon. During the previous

years it has been confirmed that some phases of polymerized fullerenes obtained at about 1000 °C and under

pressures of about 13 GPa indeed have hardness properties that are close to those of the diamond. It has been shown

that 3D C60 polymers have not only high hardness, comparable with diamond, but also unusual plasticity. In some

cases hardness even higher than diamond has been reported (ref. 3). It has also been to attempt to use fullerenes as a

starting carbon material replacing graphite for synthesis of diamond by industrial HPHT method. One might expect

that the partial sp 3 bonding configuration characteristic of C60 would work in favor of diamond synthesis and will

allow reduction of pressure/temperature conditions.

To our knowledge the first patent related to use fullerenes in HPHT diamond synthesis was applied in 1993

(ref. 4) wherein fullerenes was suggested as a starting material. As shown in reference 5, the C60 can be used as the

carbon source to carry out the metal-catalyzed synthesis of diamond under hydrostatic pressure of 6.7 GPa and at

temperatures between 1200 and 1850 °C, no advantage of the replacement of graphite by fullerenes was found.

Furthermore, the yield of diamonds from fullerenes was equal to that from graphite.

We have been using different approach (refs. 6 to 7). Fullerenes were used as a co-catalyst and small amount of

fullerenes was added to graphite with metal catalyst.

EXPERIMENTAL TECHNIQUES

The experiments were carried out with the use of a press with axial force 10 MN in a industrial high-pressure
chamber of a 4.4 cm 3 volume. Graphite in a mixture with nickel-manganese catalyst was used as a starting material.

The heating of the high pressure chamber was done by a.c at 50 Hz in the electric power stabilization regime to the

accuracy with not less than 1%. Industrial chemical extraction of diamond crystal was used. The diamond crystals

are characterized by the size and strength.
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RESULTS AND DISCUSSION

The catalytic effect of fullerenes has been observed. The effect of fullerenes was not depended on the

method, which was used for their addition. Addition of fullerene soot, made by Kr_itschmer-Huffman arc

method, fullerene mixture (C60 and C70), or the pure fullerene C60 leaded to the same positive effect. The effect

has been repeatedly confirmed at using a current industrial technology of the HPHT diamond synthesis from

graphite under pressure 4.5 - 5.5 GPa and temperature 1200 °C. The effect of the fullerene co-catalyst depends

on a value of pressure. The yield of diamond from graphite is 35% under a pressure of 4.5 GPa and ca 75%

under a pressure of 5.5 GPa. The last value is in 1.8 times more than that without the fullerene co-catalyst.

It would be mentioned, that the mechanism of metal-catalyst influence at HPHT diamond synthesis is debatable

yet (refs. 8 to 9). Many scientists have supported the solvent-catalyst approach, which accepts, that the metal acts as

solvent for graphite and that the solvent has to provide additional properties for diamond synthesis (ref. 8). Under

this approach is accepted that when graphite dissolves in solvent, the bonds of graphite are completely ruptured,

dissolution continues until the molten metal is saturated relative graphite and the saturated solution is supersaturated

relative to diamond. As result, diamond is growing from supersaturated solution in the thermodynamically stable

region of diamond. Withal the model accepts that the dissolved carbon must be positively charged, and the

dissolved carbon forms intermediate compounds (metal carbides) that subsequently decompose to form diamond.

The P-T region of diamond formation at HPHT synthesis is bounded by two distinct lines, namely a graphite-

diamond equilibrium line and a carbon-solvent eutectic line. Therefore, the P-T parameters vary depending on the

catalyst metal and diamond crystals are formed on the boundaries of the catalyst. The minimum temperature and

pressure are obtained by using the invar system (Fe Ni) to be 4.8 GPa, and 1160 °C (ref. 10).

In this connection, it is important to mention that use of amorphous carbon as a source of carbon instead of
graphite at HPHT synthesis is stopped of diamond synthesis (ref. 5). It means that graphene sheets are needed for the

diamond synthesis and the idea of the solvent-approach that the bonds of graphite are completely ruptured when

graphite has dissolved in the solvent is not correct. As shown in reference 11 the addition of 3 wt % of soot

produced by acetylene burner or hydrocarbons as like as paraffin or naphthalene to catalyst-metal interrupts synthesis

of diamond from graphite.

It can be supposed that C60 dissolves in metal-catalyst at lower temperature than graphite, thus actually

decreasing the reaction temperature. Moreover those C60 molecules, probable their fragments curved graphitic plates

are acting as precursors for diamond growth. The idea that fullerene carbon can significantly improve the nucleation of

diamond at the HPHT synthesis was also mentioned in (ref. 12).

The research was supported by the Russian State Programme "Fullerenes and Atomic Clusters.
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ABSTRACT

There arc general rcgularities in the formation of single crystal (SD) and synthesized polycrystaUine diamond
(SPD). It is found that the diamond nuclei are formed under high pressure (P) and temperature by the fluctuational
or martensitic transition of the graphite crystallites that are contained in the initial carbon material in the presence of

metallic melt. If the initial carbon material does not contain graphite crystallites of sufficient size (rGcr,, > rDcr,, ) or if

they cmmot pass into the metallic melt then the formation of diamond nuclei is hindered. The basic difference
between SPD formation and SD one is that the initial porous polycrystalline graphite under high P and T far from

the line of equilibrium G _ D is impregnated with metallic melt with high rate (few seconds). The impregnation of
graphite bulk with metallic melt at the total high P in the reaction cell is accompanied by very fast solid phase
transformation of graphite lattice to diamond one (martensite transition). This results in a diamond polycrystalline
composite with inclusions of metallic phase on the grain boundaries.

The mechanism of metallic melt with dispersed refractory particles transfer to the bulk of SPD was realized for
the increase in mechanical strenglh of SPD through the addition of particles A1203 and TiN in the Ni - 15% Mo
alloy.

Key words: Single crystal diamond; Synthesized polycrystalline diamond; Impregnation; Thermal stability;
Mechanical strength.

INTRODUCTION

A major effect of initial carbonaceous materials structure on the formation of SD in the carbon-metal system at
high pressure and temperature for the first time was shown in (ref, 1, 2). It was showed experimentally that the yield
and size of SD depend on the capacity of the initial carbon material for homogeneous graphitization, i.e., for
formation of a graphite structure under heat treatment. According to the colloidal theory of diamond nucleation
(ref. 3), diamond nuclei (sp3 bonds) are formed in the metallic melt (metal or alloy) during the fluctuational or
martensitic transition of the graphite crystallites (sp: bonds) that are present in the initial carbon materials. If the

initial carbon material does not contain graphite crystallites of sufficient size ( rGcri, > rz_r, )or if they cannot pass into

the metal melt then the formation of diamond nuclei is hindered. Since highly dispersed carbon material, e.g., non-
graphitized carbon black, dissolves much more rapidly in metallic melt than does polycrystalline graphite (ref. 4),
then introducing carbon black prior to the metal or alloy, one can control the dissolution of polycrystalline graphite
and, hence, the passage of graphite crystallites into the melt. The above-mentioned mechanism was confirmed
experimentally. Indeed, the diamond was not synthesized at all at a certain amount of carbon black dissolved prior to
metallic melt (ref. 5).

It is well known, that the area of pressure-temperature carbon diagram for SD growth is near the equilibrium line
for the graphite-diamond transition (P >_4.5 GPa, T> 1600 K) figl (ref. 6) and the grox_lh of the large SD (> 2 mm)
by diffusion process takes more than a few hours.

On the contrary, the SPD is formed at P and T far from equilibrium line (ref. 7), and the process of SPD
formation with diameter is equal to 5 mm is completed no more than for 10 seconds (fig. 1).

FORMATION PROCESS OF SYNTHESIZED POLYCRYSTALLINE DIAMONDS

The mechanism of SPD formation had been discussed in the literature (ref. 9, 10)), but the attention was focused
on the discussion of the polymorph transition graphite-diamond and it was not allowed for transport of metallic melt
into the bulk of porous polycrystalline graphite. It was marked (ref. 11) that initial graphite prior to impregnated by
various organic liquids did not undergo the transformation to diamond, hnpregnation phenomena of graphite with
Cu and also Ni-Cr alloy under conditions, when the graphite-diamond transformation did not occur, (P > 3 GPa, T =
1500 K) was found by SEM/EDS method in (ref. 12). Impregnation process of the graphite with metallic melt in this
case is determined by both the value of high pressure (liP) in reaction cell (r.c.) and the value of pressure (P) into

NASA/CP--2001-210948 239 August 6, 2001



thepores(por.)ofgraphiteandcanbedescribedbyNovier-Stokesequation.UndertheactualconditionsofSPD
synthesis(P=7-8GPa,T _>2000 K) the value of AP (P in HP r.c. - P into the por.) close to the total high pressure
in the HP cell (the vapor phase into pores of graphite is highly compressible), while the value of capillary pressure is
no more than 0,2 GPa, when the graphite pores have a radius of file order of 10 lun (the valor of capillary pressure

was calculated on the bases of Novier-Stokes equation) (ref. 12).
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Figure 1."A" - Region of the commercial high pressure synthesis of diamond from graphite.
SD - single crystal diamond (ref. 6); SPD - synthesized polycrystalline diamond (ref. 7, 8).

It is clear, therefore, that the value of zip is the dominant factor for the impregnation process, which occurs with

high rate. Thus, one can make the conclusion, that the impregnation process is accompanied by very fast solid phase
bulk transformation of graphite to diamond (sp 2 _ sp bonds), in the absence of diffusion in solid (martensite

transition) (ref. 13) and in the absence of the graphite visible dissolution into the metallic melt. This results in a
diamond polycrystalline composite, SPD, with inclusions of metallic phase (Ni+15% Mo) on the grain boundaries.
The mechanism proposed for SPD formation (impregnation process of graphite with metallic welt + martensite
lransition of graphite bulk to diamond Gs => Ds) allows also to explain the inheritance by SPD (ref. 14) of initial
graphites and other carbon materials features structures (texture, micro- and macrodefects and etc.).

Mechanism of macrostmcture formation in synthesized polycrystalline diamonds

In the work fief. 8) it was studied strucawal changes that occur in carbon material (carbon black obtained by
pyrolysis of methane) during heat treatment in the presence of Ni-Mn alloy in high-pressure chambers (HPC) of the
"lens" and "toroid" type (ref. 6).

The total lfigh pressure and the existence of shear stresses because of the non-hydrostatic nature of the pressure
in the HPC accelerate graphitization (ref. 15). Metallographic and X-ray studies of samples obtained at 3,7 -
4,3 GPa and 1750 - 2070 K revealed that they had a texture: the c axis of the crystallites of the carbon material
formed was parallel to vertical axis of the HPC. At the pressure rises the nature of the structure of the recrystallized
sample changes. At pressures and temperatures higher than 4,3 GPa, 1750 K and 5,5 GPa, 1750 K, respectively, the
grain boundaries are arranged in such a way as to form spherical (sphere-like) structures. Samples of spectral purity
graphite were also treated thermobarically at 5,5 and 7,7 GPa, 1990 K, in HPC.

At pressure 5,5 GPa the graphite undergoes texturing, similar to that observed in carbon black. At pressure

7,0 GPa the degree of texturing decreases essentially, indicating some change in the pressure field in HPC.
The pressure field in HPC during the formation of diamond polycrystal also depends on the impregnation of

graphite bulk with metallic melt at the total high pressure fief. 8). Under the conditions of the polymorphic graphite-
diamond transformation in HPC the initial graphite undergoes intensive recrystallization which ends in the
formation of a spherical texture of the resulting diamond polycrystal of ballas type. The fact that this texture can
form at 4,3-7,0 GPa is probably due to the existence of pressure gradients and volume effect of the graphite-
diamond transformation, as and in the formation of a sphere-like graphite texture during the recrystallization of
carbon black. At pressure above 7,0 GPa the sphere-like structure of diamond polycrystals is not formed because of
the role of the pressure gradientes decreases in comparison with the role of the total pressure (P > 7 GPa). The
metallic melt, which is adhesion-active with respect to graphite, can fill graplfite pores with diameter of 1 nm or less,
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causingfracturingof thegraphite(Rehbindereffect)and,therefore,fragmentationonthefinalstructureof the
sinthesizedpolycrystallinediamond.

THE INCREASE OF SPD PHYSICO-CHEMICAL AND MECHANICAL PROPERTIES

Synthesized polycrystalline diamonds (SPD) obtained at high pressures (P) and temperatures (T) have high level
of physico-mechanical properties and they are cheaper than the other policrystalline diamonds, which are produced
by methods of sintering. This superhard material is utilized an a large scale in Russia, China and other countries in
the production of dies, cylindrical heads, cutting, sawing, grinding and polishing tools, etc.

One must note, that commercial SPD has two shortcomings, namely, low thermal stability (beginning of
oxidation and graphitization at temperatures over 850 K) and visible decrease of mechanical strength after heating.
Heating the SPD to temperature above 1020 K results in structural changes which cause a worsening of its
mechanical properties. These structural changes are connected with the processes of surface graphitization and
oxidation of SPD. That does not allow to use intact SPD and also the diamond powder of grain fraction (250-
850 lun), obtained as o result of SPD trituration, on heavy work tools (as those used for processing marble and
granite, borehole drilling, etc.) or io replace scarce natural diamonds on tools.

The mechanism of metallic melt with dispersed refractory particle transfer to the bulk of SPD was realized for
the increase in mechanical strength of SPD through the addition of particles A1203 and TiN in the Ni-15% Mo alloy
(ref. 16, 17). Experimental data of SPD strength dependence on the content of dispersed dopes in the initial alloy are
explained, apparently, by the influence of these particles on the strength of the SPD non-diamond phase.

The latest experhnental results (ref. 19, 20) have shown the possibility for the essential increase in thermal
stability (resistance to oxidation of the SPD) and preservation in mechanical strength of the SPD up to higher
temperature through the addition of refractory particles (TiB2, BN _u_)in an initial Ni + 15% Mo alloy (fig. 2, 3).
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Figure 2. Dependence of maximum temperature (T_) of diamond polycrystals drop
of strength on TiB2 (][IN cub) content in an initial alloy (1,2 - air, 10 min; 3,4 - vacuum, 20 min).

Figure 3. The influence of TiBz content in initial alloy on the minimal temperature
of oxidation (To) and polyerystal loss of mass (Am/m).

Before to 10% leads to the increasing of resistance to oxidation which is characterized by the increasing of To
(To - minimal temperature of oxidation) from 910 up to 1040 K and by decreasing of Am/m from 22% to 11%. The
further rise of TiB2 content does not change the characteristics of SPD oxidation (fig. 3). The same character of
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oxidation takes place when the initial alloy with TiB_ also contains cubic boron nitride (BN_b). The results obtained
were explained by the formation of boron oxide BzO3 as protective layer from oxidation and graphitization of the
SPD.

The other reason in the increase on Tm is the decrease of residual stresses level in SPD after healing and therefore
the diminution of probability of heat treatment cracks formation in diamond grains as BN _b has thermal expansion

coefficient close Io the one of diamond Under condition of diamond phase prevention of oxidation and grafitization
(TiB2) and of the decrease of residual stresses (BN _b) it is possible the further increase Tm of the SPD. In fact, the
use of initial alloys containing simultaneously TiBz and BN _b allows to synthesize the SPD keeping their strength

properties after heating up to 1290 K (rigA).
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Figure 4. The influence of heat treatment (air 10 min.) and initial alloy composition
on SPD strength (40/45 mesh, 400/315 ltm grit size).

CONCLUSIONS

The above short review accumulates only part of the basic approaches to the selective improvement of SPD
physical chemical and mechanical properties of synthesized polyerystalline diamonds. The results of our study of
the processes diamond polycrystal formation makes it possible to determine practical ways of controlling these
processes. In particular, it seems promising to use initial materials with prescribed properties, e.g., metals or alloys
with different viscosities and graphites with a prescribed porous structure and degree of graphitization. This
probably results in a further improvement of SPD properties and extends the sphere of applicability of these
superhard materials in different areas of science and technology.
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Abstract

The problem of obtainment of diamond and cubic boron nitride in conditions of high pressure and temperature

has been successfully resolved after creation of multi-anvil device of high pressure. Compression chamber of this

device allows ensuring hydrostatic condition of pressure. We elaborated multi-anvil spherical unit of new design this

device makes it possible to produce: diamond powder up to 600 gk; monocrystals up to 1 carat; policrystalls up to 10

mm in diameter; composition in the form of superhard diamond plates up to 20 mm in diameter. Besides, there were

elaborated conditions to produce powder compositions for cutters, based on cubic boron nitride, for example

_Hexanite-R". The main difference of the offered device is: all the inner anvils are confined in spatial frame that

reciprocally orient anvils and at the same time, provides their fast change together with container. The device

includes the force block, a table, a transformer, a cooling system, a hydraulic drive, and a control panel. Power block

consists of two semi bodies with semispherical spaces, two semispherical elastic diaphragms, six or eight outside

anvils, six inside anvils, control device. Two semi rings keep semi bodies. The technical data of device: treatment

pressure - 4,5 ... 7,5 GPa; treatment temperature up to 1800°C; volume of cubic chamber - 30 ... 50 cm3; dimensions

- 2060 x 1970 x1820 mm; weight - 4000 kg.

Key words: high pressure, superhard materials, multianvil device.

INTRODUCTION

The first synthesis of artificial diamonds was executed in 1953 in the famous multi-anvil the device of von

Platen (ref.1, 2). However industrial synthesis is carried out on devises of type _Belt" (ref.3). Nevertheless, multi-

anvil device continued the development (ref.4 to 25). In the beginning, they were applied only for scientific

purposes. These devices cautiously take root into last years in an industry (ref. 24, 25). Among devices of this design

the significant interest is represented by devices with hydrostatic drive of anvils or split sphere (ref.2, 6 to 11, 14 to

16, 21,23 to 25). All known designs of spherical devices have the features. However in all variants the chamber of

compression has in cubic or octahedral form. In some is volume of these chambers their almost hydrostatic

conditions of compression. The devices of this type have additional advantages: (i) opportunity of change of volume

of the chamber of compression; (ii) high synchronization of a movement of anvils to the center of the chamber of

compression; (iii) good cooling of anvils; (iiii) opportunity of simultaneous measurement of several parameters and

realization of long processes. All this gives appreciable advantages at growth crystals of diamond by method of a

temperature gradient (ref. 24,25). The difficulties of application of spherical device in industrial conditions are

connected to duration of installation of container and anvils and application of workmanship.

In the present work it was developed and the design of the device of type split sphere with cubic chamber of

compression was investigated. Such design enables to mechanize installation of anvils, container and deformable

gaskets (ref. 25).
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EXPERIMENTALPART

Development of the construction of the device.

The idea of the new construction consists in branching internal anvils from outside and association of them in a

single unit together with the container. It was offered to insert all replaceable components into the uniform block,

using a dismountable crate from high-strength plastic. This block is submitted on a figure 1.

9 13 12

,,

Figure 1. An arrangement of components in the replaceable bloc.

The block consists of a skeleton of a crate 1, its top part 2 with elements of fastening 3, cubic container 4 with a

reactionary cell, six internal anvils 5 and gaskets 6,7 between the anvils. The reactionary cell has ceramic tablets 8,

conductors 9 and 10 and reactionary mix 11.

The installation of the block is carried out as follows. The gaskets 6 and 7 are pasted on all inclined planes

bottom and top anvils 5, and also on two planes two horizontal anvils 5. Bottom anvil 5 is established in the bottom

square aperture of a skeleton of a crate 1. Then four are mounted horizontal anvils 5. In space between anvils 5 the

container 4 with components 8 - 11 is established. Last mount top anvil 5 and top part 2 crates 1. After a fastening

the block is ready to installation in the device. For measurement of temperature the crate has the appropriate

apertures for installation of thermocouples. The container 4 is executed from a ceramic material on the basis of

oxides of metals. The anvils 5 were made from a hard alloy (WC 94 % + Co6 %).

During development the new technical decisions ensuring the best conditions for work of the device were found.

Among them it is possible to allocate the following:

Material and design of a membrane transmitting hydrostatic pressure on outsides anvils;

Form of shields, closing fissure between outside anvils;

Method of fastening of shields;

Materials both designs of the deformable container and gaskets;

Way entrance of cooling and electric power of heating;

Design of the device of disassembly of force parts of the device.

The device consists of the force block 1, table 2, transformer of heating 3, electronic system 4, hydraulic drive 5,

case of management 6, system of cooling 7 (figure 2 and 3).
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Figure 2. A general view of the developed device.
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Figure 3. The device in an initial situation.

The force block includes two semi-cases with semi-spherical cavities, two semi spherical elastic membranes, six

outside and six internal anvils, units of heating and cooling, accident protection devices. During realization of

process the half-case are connected in a single unit to the help of two semi-rings from high-strengtla steel. The force

block is established on a table, where tlae drives for moving half rings and opening - closing of the top half-case are

placed.

The transformer of heating can be established about a table or inside it. The secondary winding of the

transformer is connected to electxoinputs of the force block.

The hydraulic drive includes the pump of low pressure 6.3 MPa and adjustable pump on pressure 250 MPa by

tlae appropriate control and distributive equipment. As a working liquid the mineral oil is applied.

The panel of management contains control and measuring devices, the programmed controller and other

necessary electrical devices. For realization of synthesis in accordance with mathematical models and of scientific
researches it can be used.

The device works in hand-operated (from separate buttons) and automatic modes. The following operations are

consecutively carried out: loading internals anvils with the container in the force block, closing of the top semi-

bodies, moving of semi-rings on the force block, fast rise of pressure up to 6,3 MPa, increase of pressure up to

working meaning, inclusion of heating and cooling, maintenance of parameters of synthesis during the given time,

inclusion of heating and cooling, decrease of pressure up to atmospheric, cultivation of half rings, rise of the top half-

case, unloading internals anvils with the deformed container and product of synthesis from the force block, clean-up
of the device.
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Specificationsoftlaedevice.
Thedeviceis intendedformanufactureof superhardmaterialsusedformanufacturingofthevariouscutting

tools.
Thespecificationsofthedeviceallowtoreceivediamonds,high-strengthaMmoreresistancetemperature,by

thesizeupto600gm,monocrystalsofweightupto 1carat,polycrystalsbyadiameterupto 10mm,andalso
compositesbyadiameterupto20mm.Besides,inthedevicetheconditionsforreceptionofplatesfromcBNcanbe
reproducedNowadaysdeviceis testedforworkwithtwotechnologies- receptionof diamondpowdersand
monocrystals.

Characteristicsofdevice:
1. Maximalpressureinhydrosystem-
2. Pressureinthechamberofcompression-
3. Temperatureinchamberofcompression-
4. Volumeofthechamberofcompression-
5. Productivityuponsyntlaesisofpowdersofdiamond-
6. Productivityofmonocrystals-
7. Timeofprocessingbypressure

minimal-
maximal-

8. Preparatorytime-
9. Dimensions-
10.Weight-

250MPa;
4,5...7,5GPa;
upto18000C;

30...50cm3;
250...300x 103car/year;

100...150pcs/ year;

10 min;

72 hours.

1...10 min;

2060xl 970xl 820 mm;

4000 kg;

RESEARCH OF THE CRIATED DEVICE

At the first stage we studied influence of a material and initial sizes of the deformable container on size of

generated pressure in the chamber of compression.

The pressure in the chamber of compression was determined through a knowntechnique (ref. 26) with use of Bi,

T1, P1Se, Ba.

For a timing of an optimum ratio between the initial size of a side A of the container and size an of a side of

internals anvils a series of deformable containers with the relations A/a =1,1... 1,45 was made. As the material of the

container it was applied a compacted mix of powders ZrO2 91-96% and CaO 9-4%. The deformable gaskets were

made of tlae identical sizes from pirofillite.

Distribution of deformation in volume of the compressed container and the synchronization of movement of

anvils was studied with the help of a copper cube, cut half-aM-half. On a plane of section the grid with the size of a

cell 1+o,o2x 1+o,o2mm was rendered by a typographical metlaod. The angular deformation of a cell no more than 5 %

was accepted for a designation of volume witla almost hydrostatic conditions of compression.

The deviations in size of gaskets formed between anvils showed a degree of synchronization of movement of

anvils to the center of compressed volume. We investigated also influence of deviations of tlae sizes of the assembled

block internal anvils on symmetry of distribution of deformations in compressed volume.

The materials, number and configuration gaskets between anvils varied. Both simple, and compound gaskets

were applied. The estimation of their influence was made on efficiency and on resistance of anvils. For efficiency the

minimal meaning of the primary pressure necessary for achievement of given pressure in the chamber of

compression was accepted.

With the help of the thermocouples established at the center of the compressed container and on periphery of

anvil, it was studied the efficiency of cooling.

On the device it was realized synthesis of powders of diamond in system Mn-Ni by a method of spontaneous

crystallization and growth of monocrystals by a metlaod of a temperature gradient within 48 hours.

RESULTS AND DISCUSSION

From the diagrams submitted on figure 4, follows that there is some certain relation A/a, at which the pressure Pl

is minimal for achievement of the given pressure in the chamber of compression. For example, for transition Bi I-II

(2,54 GPa) the relation A/a is equal 1,22, for Ba (5,5 GPa) it reaches magnitude 1,35. Thus, the dependence of the

optimum relation A/a for interval of pressure Pz of 2,5 - 7,5 GPa can be submitted by the following expression:

A/a =1,18+1,42.10 3"pl ;
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Figure 4. Dependence of pressure Pl in hydrosystem of the device in function of the ratio A/a.

The received dependence of pressure Pz in the chamber of compression from pressure p: in hydrosystem

represent almost direct lines each equipped block and show efficiency of use of the device. The results of researches

will be well coordinated with the data of work (ref. 27).

The measurement of sizes of deformations of cells on the average section of the container has shown, that the

hydrostatic conditions form at 25-28 of % of volume of the chamber of compression. By indirect parameters, this

zone becomes wider at increase of temperature besides; the degree of deformation is sharply reduced to the center.

The maximal deviations in thickness of deformed gaskets at pressure p: equal tol00 MPa did not exceed 0,07

mm, deviations in deformed cube - 0,13 mm. Was found out eccentricity of the application of loading from outside

horizontal anvils to internal ones. She reached 0,23 mm. It specifies presence of influence of weight horizontal
outside anvils. The increase of thickness of rubber washers between bottom and horizontal outside anvils will allow

reducing this influence.

Research of efficiency of cooling of anvils have shown, tlmt at maximal temperature

(1400°C) at the center of compression volume the conditions of thermal balance comes in 2,5 min after inclusion

of heating. Thus temperature of internal anvils on an outside surface did not exceed 90 - 95 o C. Increase of the

charge of a cooling liquid with 1,0 1/s up to 1,5 1/s has reduced temperature only on 5 - 8o C. Gradient of

temperature inside the chamber of compression reached 18-20 gr/mm. It is a little bit above titan meanings received

in work (ref. 27).

At syntllesis in system Mn-Ni-C the crystals of diamond were received yellow - green color without appreciable

impurity. Majority of crystals was in the form of octahedral. These diamonds settled down in a zone of hydrostatic

compression. Their sizes ranged from 400 to 650 mk. Outside of this zone the crystals in the form of cube and

cubeoctahedral with the sizes 40-250 mk in size were synthesized. The degree of transformation of graphite in

diamond reached 28-31 of %, that the meanings received in the work (ref.27) are a little bit higher. The received

monocrystals had yellow-brown coloring and form as octahedral, truncated on the part of the basis on one third. The

sizes of monocrystals ranged from 4 up 6,5 mm. Unfortunately, one third of monocrystals had metal inclusions.
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CONCLUSIONS

Theconstructionofthesplit-spheretypehighpressureandtemperaturehasbeendevelopedandresearched,
whichcanbeappliedforindustrialsynthesisofsuperhardmaterials.
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Abstract

More than 1O0 tons of diamond grits are consumed each year in sawing constructional
materials (e.g., concrete, granite, marble). These diamond grits are typically synthesized under high
pressure and high temperature using graphite as the source material and a molten metal (e.g., Fe, Co,
Ni or its alloy) as the catalyst. Graphite and catalyst may be either stacked in the reaction cell in
alternative layers or they can be mixed as powders. The reaction cell may be small (< 50 cubic
centimeters) with large gradients of pressure and temperature, as in the case of using a cubic press, or
they can be large (up to 500 cubic centimeters) with relatively uniform distribution of pressure and

temperature, as in the ease of using a large (1000 tons) belt press.

The current arts are such that if the reaction cell is small, and the charge contains layered
graphite and Af graptite andeatalys t, then t is about 1 carat per cubic centimeter of the compressed
cell, with about 1/3 of the grits that are desirable in size and quality. If the reaction cell is large, the
diamond yield is about 2 carats per cubic centimeter with about half as desirable grits. If powdered
graphite and catalyst are thoroughly mixed, and seeded crystals are dispersed uniformly in them, the
diamond yield in the later case could be boosted to about 3 carats per cubic centimeter with about 3/4
as high grade products.

By mixing powdered graphite and catalyst and pressed the mixture in thin layers, catalyst
coated diamond seeds may be planted uniformly into these disks. With the careful selection of
source materials, and the full utilization of reaction volume, the production yield may attain more than
4 carats per cubic centimeter with more than 3/4 as high grade saw diamonds. For a ten thousand
ton press with optimized design of high pressure assemblage, the reaction cell can attain a volume of
about 500 cubic centimeter. Hence, it is possible to yield 2 kilograms of high grade saw diamond in
a single run.
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Abstract

Graphite can be converted to diamond under high pressure by the catalytic influence of certain molten

metal. The transition is reversed at low pressure. However, if hydrogen atoms is available in the atmosphere,

graphite may be gasified to form methane, and the latter deposited on the molten metal as diamond.
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ABSTRACT

The ultradispersed diamond (UDD) produced by detonation method from mixture of trinitrotohiene and
hexagen (TH) consists of system of particles with average grain dimensions 3-grim and specific surface 250m2/g
and more. Most investigators consider that the considerable ratio of surface energy to volumetric energy for these
particles must make distortions of energetic bands and crystaUine structure and consequently can cause for many
phenomena typical only for nanometric objects. The high thermodynamic stability of UDD mentioned in most
experimental works, allows us to suppose that there is a mechanism of the UDD thermodynamic stability. We have
suggested that the high stability is connected with the decreasing of the surface energy portion in the total energy of
this system at the expense of physical aggregation of the UDD grains.

The experimental measurement of the UDD aggregates dimensions was performed on the basis of light
scattering. The identification of molecular groups "cover" was performed on the basis of infrared spectroscopy.

The object of this investigation was UDD, obtained by different groups of researchers: UDD(Kmsnoyarsk),
UDD(Chelyabinsk) and UDD(Novosibirsk) were obtained from TH mixture in mass ratio 60/40.
UDD(Krasnoyarsk) were refined from detonation products by means of boron anhydride. UDD(Chelyabinsk) and
UDD(Novosibirsk) were refined by means of acid treatment. The synthesis of UDD(Novosibirsk) was performed in
1989. Sample HS(Byisk) was obtained from hexagen with an addition of soot. There were investigated size and

properties dependence on the UDD-aggregates from physical effect (the thermal effect, the reactor's gamma-
radiation) in this work.

Table 1. The average integral dimension of the UDD-aggregates
sample dimension nm sample dimension ran

UDD(Krasnoyarsk) l01 UDD(Novosibirsk) 107
UDD(Chelyabinsk) 146 HS(Byisk) 375

According to the performed investigation the most informative range of IR-spectra of UDD-particles is 1000-
1300cm _. There is competitiveness of two bands: 1280cm "1- the band connected to the nitrogen defect of A-type in
the crystalline lattice of nanodiamonds characteristic for UDD(Krasnoyarsk), 100-1150cm "1- the band of valent C-
O vibration, characteristic for UDD(Chelyabinsk).

There was performed thermal procedure of samples UDD(Chelyabinsk), UDD(Krasnoyarsk) in the temperature

range 373_K, 673°K, 973°K. At heating to 673°K for these investigated samples the decreasing of the sample
dimension was observed.

Table 2. The temperature influence on the UDD-aggregates dimensions

sample The aggregate dimension at temperature

373C'K 673OK 973OK

UDD Krasnoyarsk 101.Snm 73.0nm 118.6nm

Some two irradiated samples were investigated - detonation soot, containing diamonds, and
UDD(Krasnoyarsk). IR-spectra of the grattfite-diamond soot from the explosive chamber did not change after -

irradiation. The second sample was irradiated by fast neutrons (E> 1MeV) with F=(I,30 :tO,19) 1017neutr./sm 2, and it

did not show significant changes in the structure of the IR-spectrum either. The UDD-sample was exposed to 7-

irradiation with value 0.5 + 0,17Mrad and after irradiation There were observed some absorption changes
connected with vibrations of alkanes hydrocarbon groups (1439, 2859, 2930 H 2970CM'1).

Therefore after the result it was decided to use only y-irradiation with increase of doze up to 183 +_24 Mrad
(with energy up to 2,4MeV). After the sample HS (Byisk) exposure it was clearly observed that the band had shifted
from 2945cm'tto 2920cm -1. The shift was explained by the radiation effect on vibrations of alkanes hydrocarbon
groups. For all these samples the average integral dimensions of aggregates decrease about 10-20%, in spite of the
considerable radiation energy.
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ABSTRACT

A chemical state of carbon atoms on ultra dispersion diamond (UDD) and natural diamond (ND) surfaces after

in-situ H-tJceatment has been studied by X-ray excited Auger electron spectroscopy (XAES) combined with C 1s and

valence band XPS methods. The CKVV Auger spectra before and after H-treatment have revealed the unchanged

chemical state of carbon atoms on upper layers of UDD that was identified as UDD-like. The UDD-like chemical

state has been classified on the base of CKVV Auger spectra as sp2 state principally differing from that of HOPG

and fullerene. The transformation of the chemical state of carbon atoms on ND surface during H-treatment was as
follows:

sp2/sp3 ---> sp2(fullerene-like) --->sp2(UDD-like).

Key words: AES, XPS, Surfaces, Diamond, Ultra dispersion diamond.

INTRODUCTION

According to Johan C. Angus (ref. 1) _A better understanding of the nature of diamond nucleation is

required... Understanding of the nucleation process could help lead to the growth of a large diamond crystals from

the vapor. Of particular importance are diamond precursors..."

It is well known, that UDD can be used as a diamond growth precursor at CVD process.

Apparently, identification of the chemical state of carbon atoms on a UDD surface will give valuable

information on nucleation and growth of diamond from gas phase and will allow to find conditions of creating of

this state on any surfaces.

As was shown (ref. 2) the Auger spectra of carbon atoms with sp 2-, sp 3- and mixture of sp2/sp3-bonds have a

distinguishing feature due to the 6- and _z-levels positions in the valence bands. The information depth of Auger

emission is equal to about 2-3 monolayers.

The chemical state of UDD and ND specimen surface prepared ex-situ was identified as a new unknown

chemical state with sp2-bonds differing in principle from that in graphite (ref. 2). These data were established by

means of ex-situ experiments though in-situ experiments could provide more reliable results. Therefore the goal of

this work is to study in-situ the UDD and ND surfaces after H-treatment by XAES combined with Electron Energy

Loss at Cls and valence band XPS methods. Information depth of the methods are about 2, 7 and 10 monolayers

respectively.

EXPERIMENTAL

XPS and XAES data were obtained by a MK II VG Scientific spectrometer. The experimental conditions were

the same as previously describe in detail (ref. 2).

UDD powders (3-5 nm) were received from the Kiev Institute of Superhard Materials and from Krasnoyarsk.

The UDD powder were deposited on a Si plate (10xl 5 mm) from an alcohol suspension in an ultrasonic bath. Si2p

XPS peak was used to measure surface coverage by analogy with (ref. 3). The coverage appeared to be equal to

100%. The crystal plane (110) of a natural diamond of size 6*5 mm 2 and thickness 1.5 mm was mechanically

polished by means of a cast iron wheel. The roughness was equal to about 1 nm. An ultrasonic rinse in acetone and

then in alcohol was performed prior to the mounting of the sample in the vacuum chamber.

The surfaces of UDD and ND were analyzed before and after H-treatment by hot-filament (2000 K) in-situ in

the preparation chamber of the spectrometer. The pressure of H2 during H-treat_nent was equal to 10 .6 mbar. The W

hot-filament as spiral was located one centimeter above the sample. The substrate temperature was equal about

600 K. The analysis of the gas in the preparation chamber under H-treatment was carried out by Supavac

masspectrometer with mass range detection 1 - 100. W filament temperature was measured by a pyrometer.
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RESULTS

TheanalysisofthegasinthepreparationchamberduringUDDandNDH-treatmenthasbeencarriedoutby
Supavacmasspectrometer.TheresultsofUDDH-treatmentaregivenin table1.Twolowerrowsrepresentthe
pressureofOandN2withhotfilamentturnedoft'.Onlythemassesrepresentedintwoupperandtwolowerrowsof
thetablehavebeendetectedduringH-treatmentofND.It isnotsurprisingbecausetheareaofUDDsurfaceis
incomparablylargerthanthatof ND.ThehydrocarbonsinTabletestifiesthatduringH-treatmenttakeplace
chemicaletchingof diamondsurface.Theformationof thehydrocarbonsin gasphaseis notpossibleinour
experimentalconditionsbecausequitelowpressure.ThefactofthechemicaletchingofNDsurfacebyH-atomsin
thecommercialMW-PECVDsystemASTeX-PDS19wasshown(ref.2).

Table 1. The results of the residual gas analysis in vacuum chamber during the H- treatment of UDD.

Mass Possible species Partial pressure,

mbar

1 H 5.5.10 .7

2 H2 2.5.10 .6

44 CO2 4.0.10 -l°

42 C3H6, C2H20 2.0.10 -1°

39 C3H3 2.0.10 -1°

16 O, CH4 2.0.10 -1°

26 C2H2 1.0.10 -1°

28 CO, C2H4 1.2.10 .9

29 C2H5 2.0.10 -1°

N2 1.0.10 -11

O 1.0.10 -11

Figure 1 represents the CKVV UDD spectra after the H-treatment in comparison with HOPG and fullerene. The

UDD spectra before and after H-treatment practically coincide with each other and have the shape inherent to the

sp2-bonds but principally differing from that of HOPG and fullerene.

As an Auger spectrum shape depends on chemical bonds (ref. 2) we can suppose that these spectra will allow to

identify an unknown chemical state on UDD surfaces. This chemical state could be designated as UDD-like.

1.0

C.K..VV.;: M .......... ,,.,," """ "
.° - ." ,.." _. .

>:, ...... Fullerene - \\

0.4 ...... Graphite ".\_

c ....\._
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Figure 1. The CKVV Auger spectra of UDD, fullerine and graphite.
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Figure2showsthemodificationofCKVVAugerspectraofNDaftertherowofsuccessiveH-treatmentsand
interruptionsforcarryingoutXAESandXPSanalysis:

1-(asreceived),2-(7minofH-treat.),3-(6minofH-treat.),4-(6minofH-tzeat.),5-(15minofH-treat.),6-(15
minonlywithhot-filamentwithout H2)

The spectrum 1 can be considered as the mixture of the sp 2 (30%)- and sp 3 (70%)-spectra.

The 2, 3 and 4 spectra coincide with that of fullerine. These comparisons lead us to suggest that the state has the

fullerene-like valence band structure after the 2nd and the 3rd H-treatment. The spectra take the UDD-like shape

after the 4th, 5th and 6th treatments. So, take place a transformation the chemical state carbon atoms on ND surface

sp2/sp 3 _ sp2(F-like)---_ sp2(UDD-like),

where F-like is Fullerene-like. The Auger spectra of the in-situ ND H-tzeat_nent coincide with that of the ex-

situ ND H-treated (ref. 2). This is the evidence of the surface state inertness of ND after H-treat_nent as well as UDD

with respect to the environment.
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._ 0.4
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Figure 2. The modification of CKVV Auger spectra of ND during H-treatment.

Electron energy loss spectra at Cls have been used for identification of sp3-bonds (ref. 4) in carbon. Fig. 3

shows modification of EEL at Cls XPS spectra after the row (as in Fig. 1) of successive H-treatments of the ND

surface. The intensities of all Cls XPS peaks were normalized. Changes in ELL spectra intensities after H-tzeatment

testify to H influence on the chemical state of carbon atoms in the depth up to 7 monolayers. These spectra represent

sp 3 bonds in contrast to Auger spectra.

Fig. 4 shows the valence band XPS spectra of ND. Some insignificant changes in the spectrum shapes can be

seen and this is the evidence of H-treat_nent influence on the deeper layers. Our spectra are in good agreement with

the data presented in (ref. 5 to 7).and correspond to sp 3 - bonds. An insignificant change in valence band spectra

after H-treatment was pointed out in(ref. 7) and our results confirm this fact.
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Figure 3. The modification of Electron Energy Loss at Cls XPS spectra of ND during H-treatment.
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Figure 4. The modification of valence band XPS spectra during H-treatment.

DISCUSSION

Thus, the results of the Auger, ELL at Cls and valence band XPS spectra having different information depth

can be summarized in the conclusion that spLbonds (UDD-like) forms after HqJceatment of ND only in 2-3 upper

monolayers.
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The following qualitative scheme of the chemical reactions can be proposed as a generalization of the H-
treatment results:

C(initial) + H (H2) _ CnHm

CnHm _ C(F-like) + [H2 + CxHy]desorption

C(F-like) + H (H2) _ C(UDD-like) + [H2 + CxHy]desorption

C(UDD-like) + H (H2) _ CkH1

CkH1 _ C(UDD-like) + [H2 + CxHy]desorption

(1)
(2)
(3)
(4)
(5)

where C(initial) is the chemical state on UDD and ND surface before the treatment, CnHm and CkH1-

intermediate chemical compounds on ND and UDD surfaces during H-eatching, [H2 + CxHy] - hydrogen and

hydrocarbon desorbed from the surface.

CnHm forms on the surface as the result of the reaction of H and H2 with ND during 6 min (reaction 1) and

C(fullerene-like) forms after desorbtion of CxHy (reaction 2).

The next stage of H-treatment is the reaction of H and H2 with C(fullerene-like) and C(UDD-like) forms as the

result (reaction 3).

C(UDD-like) is the stationary state which don't change under H-treatment. Only the surface etching results

from this treatment. The data on surface roughness change from 1 up to 200 nm can be an evidence of such an

etching (ref. 2) as well as the detecting of hydrocarbons under UDD H-treatxnent.

C(UDD-like) state presents on the initial surface of UDD therefore only the reactions 4 and 5 take place under

H-treatment. This state remains the same after an annealing of UDD at air during 7 min at 900 K. This is the

evidence of unique chemical stability of the C(UDD-like) state.

The concentration of hydrocarbon in the most widespread CVD processes is only a few percents of hydrogen

content. Therefore we suppose that the 1-5 reactions take place during diamond growth and C(UDD-like) state is

stationary. It is well known that UDD enriches nucleation and growth of diamonds. This is why the C(UDD-like)

state could be a precursor and perhaps the growth does not start until its formation on a surface.

The fact that the sp2-state of carbon atoms is the precursor looks to be surprising.

We should understand as the result of which reactions does the substrate with C(UDD-like) state transform to

sp 3 during diamond growth.

One should identify which of two possible mechanisms do take place - Langmuir-Hinshelwood or Eley-Rideal:

C(UDD-like) state + (CHn)substrate _ diamond

or

C(UDD-like) state + (CHn)gas _ diamond

XAES is the most powerful method to solve the problem of identification of critical steps responsible for

diamond growth.

CONCLUSIONS

One of the main results of this work is the demonstration of possibility of the real C(UDD-like) state

identification by XAES and XPS methods.

The H-treatxnent of UDD does not result in changes of chemical states of carbon atoms on surfaces as well as in

near-surface regions (in the limits of information depth - 2+10 monolayers).

The chemical state on the UDD surface of about 2 monolayers always remains sp2 but it differs in principle

from that of HOPG and fullerene.

The H-treatment of ND changes dramatically chemical states of carbon atoms only in upper 2-3 monolayers.

The transformation of the chemical state carbon atoms on ND surface from mixture during H-treatment is the

following: sp2/sp 3 _ sp2(F-like) _ sp2(UDD-like).
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Highly oriented diamond films are required for diamond applications in kiP / HT devices [1]. In this way, a

better knowledge of the elemental mechanisms occurring during the nucleation and growth is essential to control the

early stages of diamond growth. Indeed, both the geometry of the suitable nucleation sites and the chemical nature of

the diamond precursor still remain unclear. Nucleation studies by HRTEM, STM and SEM FEG performed in Si(l 11)

dimples exhibiting both multi-vicinal and thin fiat areas will be presented:

1) Well defined Si(111) multi-vicinal surfaces were induced by an in-situ UHV thermal treatment at 1500K on

dimpled samples which underwent any destructive pre-treatment. The terrace formation was checked by STM UHV

observations [2]. Then, HFCVD diamond nucleation and growth were studied on this well characterised distribution of

defects by HRTEM and SEM FEG. We observed a significant enhancement of the nucleation density on such stepped

surfaces (up to three orders of magnitude) compared to virgin silicon monocrystals. More, the diamond nuclei are

mainly located in the vicinity of these steps.

2) Thin Si(111) areas were obtained via a thinning down of the dimple centre. Diamond nucleation was followed by

HRTEM on thinned areas after successive HFCVD deposits. After 7 min of deposition, 13.SIC nanoerystals were

observed with a pseudoepitaxial SiC{220}//Si{220} relationship [3]. Then, after a second deposit, nanodiffraction

experiments on carbide nanocrystals reveal the presence of a new phase with parameters close from those of diamond.

These results suggest a nucleation mechanism occurring from 13-SIC nanocrystals in fair agreement with a recent study

[4].

References

[1] <<Diamond films : recent developments >>D.M. Gruen and I. Buckley-Golder, MRS bulletin (Sept 98).

[2] ] J.C.Arnault, S. Pecoraro, J. Werckmarm and F. Le Normand Diam. Rel. Mat. (in press, 2000)

[3] F. Le Normarid, J.C.Arnault, S. Pecoraro and J. Werckmarm, Appl. Surf. Sci. (in press, 2000)

[4] D. Wittorf, W. Jager, C. Dieker, A. Floter and H. Guttler, Diam.Rel.Mat. 9 (2000) 1696.

Keywords Diamond Nucleation Silicon Step Transmission Electron Microscopy

Corresponding author

Jean-Charles ARNAULT

IPCMS / GSI

23, rue du Loess

67037 STRASBOURG Cedex

France

Tel: (33) 3 88 10 71 02

Fax: (33) 3 88 10 72 48

e-maih Jean-Charles.Amault@i pcms.u-strasbg.fr

NASA/CP--2001-210948 263 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

ULTRADISPERSE DIAMOND STRUCTURE, PHASE TRANSFORMATION AND

APPLICATION FOR CVD DIAMOND FILMS GROWTH

A. E. Alexenskii, M. V. Baidakova, N. A. Feoktistov, V. G. Golubev, S. Grudinkin,
A. T. Dideikin, V. G. Melehin, V. Yu. Osipov, V. I. Siklitski, A. Ya. Vul'

Ioffe Physico-Technical Institute, 26 Polytechnicheskaya, StPetersburg 194021, Russia

A. M. Panich, I. Shames

Department of Physics, Ben-Gurion University of the Negev, P.O.Box 653,

84 105 Be'er-Sheva, Israel

W. Kempinski

Institute of Molecular Physics, Polish Academy of Sciences, Smoluchowskiego 17, 60-179 Poznan, Odolandw,
Poland

A. Kriiger, E. Osawa, M. Ozawa
Toyohashi University of Technology, Toyohashi, Japan

ABSTRACT

The paper reports on study on the structure and phase transformation of a new form of carbon cluster

material - ultradisperse diamond (UDD) with mean size of the cluster of 50 angstrom. High concentration of

paramagnetic centers (102o spin/g) has been detected; it is supposed these centers are related to defects of the

sp3-hybridized carbon of the UDD core. A quantum size effect of the g-factor has been detected in UDD by EPR

method. Possibility of using the UDD clusters as precursors for CVD diamond film growth is discussed.

Keywords: carbon, cluster, diamond, phase transition.

INTRODUCTION

Ultradisperse diamond (UDD) is one of the few carbon cluster substances that can be produced in a large

amount by detonation method (refs.1 to 2). Studies of the properties of UDD started in 1988, with major attention

focused on the technology of preparation of this material and its mechanical properties. One of the unusual features

of UDD is the small size distribution, with most of the particles having dimensions of 40 - 50 A. The possibility of

transforming onion-like carbon to diamond by electron beam and low-heat treatments and an assumption that

diamond rather than graphite is a thermodynamically stable form of carbon in small cluster suggests that UDD can

be used as a model material to investigate the phase transformation in carbon clusters.

We have recently shown that a UDD cluster has a complex structure consisting of a diamond core of about 45 A

in size and a shell made up of sp 2 - coordinated carbon atoms. We used X-ray diffraction and small angle X-ray

scattering to answer the question how the shell structure and thickness vary with the explosion conditions and

chemical purification of UDD clusters from the soot produced by the detonation process (refs. 3 to 4).

A specific feature of clusters as nano-sized objects is the crucial effect of the surface on their structural and

electronic properties, since the number of surface atoms becomes commensurate with that of bulk atoms.

In this paper we submit results of comprehensive studies of the UDD by EPR, NMR, TEM and also, Raman,

SEM and AFM characterization of diamond films grown by HF CVD method on silicon substrate with UDD

precursors.

SAMPLES AND EXPERIMENTAL TECHNIQUES

The samples used were obtained from carbon-containing explosives (TNT and hexogen) by the detonation

method, with the detonation carbon cooled in different ways more specifically by gas (CO2) (the so-cooled "dry"
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techniqueandbywater(the"wet"technique)(ref.3).Thus,thestartingmaterialsdifferedinthecoolingrateofthe
detonationcarbonintheclusterstructure.

Thecleaning(purificationofUDDfromsp2hybridizedcarbonatoms)wasachievedbytreatmentinwater
solutionofnitricacidatatemperatureof200 250°C.Followingrepeatedrinsinginwater,theUDDwasdriedin
airat200°Ctobecameapowderwithgrains1 10_tminsize.

Thefabricationofdiamondfilmsisofgreatinterestbecauseoftheirpotentialusefordifferentapplications.
Themostcommonmethodsof surfacepretreatmentto enhancediamondnucleationandgrowthincludethe
activationofthesubstratesurfacebymechanicalabrasionandultrasoundagitationwhichusediamondpowders.In
thisstudy,diamondfilmsweredepositedbyHotFilamentChemicalVaporDeposition(HFCVD)onsilicon,
sapphire,andquartzsubstratesseededwithUDD.

A UDDcolloidwassuspendedinisopropylalcohol.ThesubstrateswerecoatedwithathinlayeroftheUDD
colloid.ThetypicalHFCVDconditionsincludedthefilamenttemperatureof2200°C,thesubstratetemperatureof
650 850°C,thegaspressureof8-50Torr,theflowrateof100-500sccm,andthemethaneconcentrationof0.5-
2.5%.

RESULTS AND DISCUSSIONS

It is shown that, irrespective of the type of synthesis ("dry" and "wet") the relative content of the diamond (sp3)

phase increases after annealing in hydrogen within the anneal temperature range of 450 to 750 °C, but the increase

being more pronounced in the samples prepared by "dry" synthesis. The analysis has shown that the effect is due to

the transformation of sp2 shell into sp3 diamond phase.

The EPR signal from detonation carbon is shown to consist of two lines: (1) a broad structureless line due to

the presence of metallic impurities which can be removed by chemical purification and (2) a narrow line attributable

to paramagnetic centers produced by defects on the core of a UDD cluster. It is shown that the EPR technique can be

effectively used to evaluate the degree of UDD purification. High concentration of paramagnetic centers (1019 spin/g)

has been detected; it is supposed that these centers are related to defects of the sp3-hybridized carbon of the UDD

core.

We have found a change in the g-factor of the electron on the paramagnetic center, Ag - (5.2 ± 0.3) 10 4,

associated with the size-effect in a diamond cluster of 40 A in diameter. The anomalous reduction in the spin-lattice

relaxation time of 13C in UDD relative to natural diamond can be accounted for by the interaction between the

electrons localized on paramagnetic centers and nuclear spins.

We have studied the dependence of the technological conditions on the diamond film properties. The growth

rate of CVD diamond film on silicon substrate covered by UDD precursors amounts to 5 gm/hour. The crystallite

quality of deposited CVD diamond films was monitored by Raman measurements. XRD was used to determine the

structure and grain size of the films. The surface morphology and film thickness is characterized by using a scanning

electron microscope. It is shown that UDD seeding is a good nondestructive method for both opaque and optically

transparent substrates.

The Ioffe Institute authors acknowledge support under the Russian State Program "Fulllerenes and Atomic

Clusters".
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A pretreatment method by seeded nanosize diamond powder was used to enhance

diamond nucleation on mirror-polished Si substrates. The seed process were

performed using the liquid including 5 nm diamond powder by a brushing technique

for obtaining uniform seeded nuclei in large area and low interface state density

between the diamond and Si substrate. High temperature annealing process in

hydrogen plasma were performed on seeded substrates in microwave plasma

enhanced chemical vapor deposition (MPECVD) chamber to improving the quality of

film and increasing the adsorption between the diamond and substrate. Diamond films

were deposited on seeded substrates by MPECVD method. We studied the nucleation

density, grain size, growth rate and film morphology by means of scanning electron

microscopy (SEM). The effects of seeded conditions and annealing parameters on

diamond nuclei and films were detailed. The Raman spectroscopy (RS) was applied to

analysis the phase purity of diamond films. The results show that high quality

diamond films with large area and low interface state density can be deposited on

4-inch mirror-polished Si substrates.

Keywords: CVD diamond, diamond powder, seeded nuclei, annealing, growth
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ABSTRACT

We deposited diamond films on the 1.0 x 1.0 cm 2 patterned glass substrate in a vertical-type microwave plasma

enhanced chemical vapor deposition (MPECVD) system. The pattern could be achieved by unidirectional scratching

on the surface of glass substrate using ca. 1 gm size diamond powders. The low temperature (ca. 450°C) diamond

deposition in this work could be achieved by keeping the substrate distance (ca. 3 cm) from the plasma under the

relative low microwave power (400 W) and total pressure (1.73 kPa) condition. Using the cyclic process, we can

certainly enhance the diamond nucleation density on glass substrate. Surface morphologies and diamond qualities of

the films have been investigated as a function of the cyclic time interval of the CH4 flow rate. The diamond

nucleation densities on the pretreated glass substrate would be much more enhanced under the condition of the less

CH4 flow off time interval in the cyclic modulation. The enhancement of the diamond quality for the grain by the

cyclic process was noticeable under the more CH4 flow off time interval in the cyclic modulation. Based on these

results, we discuss the trend and the cause for the enhancement of the diamond nucleation density on glass substrate

according to the cyclic time interval of CH 4 flow rate.

Keywords: cyclic process, diamond nucleation density, cyclic time interval, low temperature deposition
* o
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INTRODUCTION

To practically apply synthetic diamond films to field emission displays (FEDs), the enhancement of the

efficiency of field emission characteristics, such as low operating voltage, high emission current, emission

uniformity, and the achievement of low temperature deposition of diamond film, namely, the diamond film

deposition on indium tin oxide (ITO) glass substrate is preferential (refs. 1 to 3). From the manufacturing point of

view, the patterning of the diamond films to be suitable for the diamond field emitter is also indispensable. However,

unfortunately, the patterning of the diamond films has been regarded as the most difficult barrier because of the

hardness and chemical inertness of diamond (ref. 4). Recently, we were able to achieve the patterning of the diamond

film via the enhancement of the diamond nucleation density on the pretreated glass substrate by the cyclic process

(ref. 5). Furthermore, the enhancement of the diamond nucleation densities has a favorable influence upon the

increase of the emission current and the emission uniformity.

Compared with the ex-situ process, the in-situ process has the advantage for the further enhancement of the

diamond nucleation density, because one can apply the in-situ technique on the ex-situ treated substrate,

consequently obtaining more enhanced nucleation density. The cyclic process is the in-situ process that has the

advantage for the further enhancement of the diamond nucleation densities, consequently increasing the efficiency of

diamond field emission characteristics. For the cyclic process, we incorporated the cyclic modulation of CH4 flow

rate during the initial deposition stage. The cyclic modulation was carried out through the on/off control of CH4 flow

rate. Namely, it was started from H2 + CH4 plasma (CH4 flow on), we call it the growing time, and ended in H2

plasma (CH4 flow of[), we call it the etching time (ref. 6).
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Thisworkpresentsthemethodtoobtainawell-patterneddiamondfilmhavinghighnucleationdensitiesunder
therelativelowtemperature(about450°C)depositioncondition.In detail,wedepositedthediamondfilmby
changingthegrowing/etchingtimeintervalin thecyclicprocess.Weinvestigatedthevariationof thediamond
nucleationdensitiesincludingthegrainsizesandthediamondqualitiesasafunctionofthegrowing/etchingtime
interval.Finally,wecouldobtainthewell-patterneddiamondfilmhavingthehighestnucleationdensitiesonthe
pretreatedglasssubstrateundertheconditionoftherelativelowratiooftheetchingtimeintervalinthiswork.Based
ontheseresults,wediscussthecausefortheenhancementoftheselectivedepositionof diamondfilmonglass
substrateunderthelowratioof etchingtimeintervalconditionandtheincreasein thediamondqualitieswith
increasingtheetchingtimeratiointhecyclicprocess.

EXPERIMENTAL

Wedepositeddiamondfilmsonthe1.0x 1.0mm2patternedglasssubstrateinavertical-typeMPECVDsystem.
Thepatterncouldbeachievedbyunidirectionalscratchingontheselectedareaofglasssubstrateusingca. 1 btm size

diamond powders. Actually, unidirectional scratching was achieved by manual for 3 times with patch incorporating

diamond powders and acetone. Before patterning, we exposed the selected area for the scratch via covering the

residual glass substrate surface using tape. In this way, we made both the pretreated and the untreated areas on glass

substrate, consequently obtaining the patterned glass substrate.

The low temperature (ca. 450 °C) diamond deposition in this work could be achieved by keeping the substrate

distance (ca. 3 cm) from the plasma under the relative low microwave power (400 W) and total pressure (1.73 kPa)

condition (ref. 7).

Before the deposition reaction, we cleaned the substrate with H2 plasma for a few minutes. CH4 and H2 were

used as source gases. H2 flow rate was fixed as 200 sccm (standard cm 3 per minute). CH4 flow rates were varied as 4

and 6 sccm according to the reaction processes.

For the cyclic process, we incorporated the cyclic modulation of CH4 flow rate during the initial deposition

stage. The cyclic modulation was carried out through the on/off control of CH 4 flow rate. It was started from H2 +

CH4 plasma (CH4 flow on) and ended in H2 plasma (CH4 flow off). Namely, it was proceeded as H2 + CH4 --->H2 --->

H2 + CH4---> H2--+ .... then depositing diamond film. The total on/off CH4 flow modulation time was fixed as 10 min.

After the cyclic modulation, we deposited the diamond film for 2 h and 50 min. So, the total reaction time in this

case was 3 hours. For the normal process, we deposited the diamond films for 3 h without the incorporation of the

cyclic modulation of CH4 flow rate during the initial deposition stage.

We investigated the detailed surface states, and the grain morphologies using scanning electron microscopy

(SEM). The qualities of diamond grains on the patterned glass substrate were investigated by a micro-Raman

spectrometer (Renishaw 2000) with ca. 1 btm spot size using an Ar laser source.

RESULTS AND DISCUSSION

To elucidate the effect of the growing/etching time interval in the cyclic process on the enhancement of the

diamond nucleation densities and the selective deposition of diamond film on the patterned glass substrate, we

deposited the diamond film as a function of the growing/etching time interval under the different CH4 flow rate

conditions. We first investigated the surface images on the pretreated glass substrate under 4 sccm CH 4 flow rate

(Fig. 1) and 6 sccm CH4 flow rate (Fig. 2) conditions. SEM images of the surface were shown for the normal process

(Figs. la and 2a) and for the cyclic process having the growing/etching time = 180/30 sec (Figs. lb and 2b) and

30/180 sec (Figs. lc and 2c), respectively. At 4 sccm CH4 flow rate, the number densities of nuclei on the pretreated

glass substrate were counted as ca. 4.0 x 107(normal process), ca. 1.2 x 108 (180/30 sec cyclic process) and ca. 1.0 x

108 (30/180 sec cyclic process) (nuclei/cm2). At 6 sccm CH 4 flow rate, the number densities of nuclei on the

pretreated glass substrate were counted as ca. 5.0 x 107(normal process), ca. 1.4 x 108 (180/30 sec cyclic process)

and ca. 1.1 x 108 (30/180 sec cyclic process) (nuclei/cm2). From these results, we can undoubtedly confirm the

enhancement of the diamond nucleation densities by the cyclic process, as previous report (ref. 5). In addition, by

comparing the results between 180/30 sec and 30/180 sec cyclic process, we can suggest that the diamond nucleation

densities would be much more enhanced under 180/30 sec, namely, the less etching time interval condition in the

cyclic process (compare Figs. lb with c and Figs. 2b with c, respectively).
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Figure 1. SEM images of as-deposited flints, under 4 sccm CH4 flow rate condition, on the pretreated

surface, in case of (a) the normal process, (b) 180/30 sec cyclic process,

and (c) 30/180 sec cyclic process, respectively.
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Figure 2. SEM images of as-deposited films, under 6 sccm CH4 flow rate condition, on the pretreated

surface, in case of (a) the normal process, (b) 180/30 sec cyclic process,

and (c) 30/180 sec cyclic process, respectively.

To closely measure the nucleation densities and the grain sizes, we investigated the surface states of the

pretreated surfaces by high-magnified images of SEM (see Figs. 3and 4). At 4 sccm CH4 flow rate, the grain sizes of

these nuclei were measured as ca. 0.45 (normal process), ca. 0.54 (180/30 sec cyclic process), and ca. 0.48 gm

(30/180 sec cyclic process) in diameter. At 6 sccm CH4 flow rate, the grain sizes of these nuclei were measured as

ca. 0.50 (normal process), ca. 0.62 (180/30 sc cyclic process), and ca. 0.55 gm (30/180 sec cyclic process) in

diameter. These results also indicate a little increase in the diamond grain size by the cyclic process (ref. 5),

especially under the condition of the less etching time interval in the cyclic process.
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Figure 3. High-magnified SEM images of as-deposited films, under 4 sccm CH4 flow rate condition,

on the pretreated surface, in case of (a) the normal process, (b) 180/30 sec cyclic process,

and (c) 30/180 sec cyclic process, respectively.
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Figure 4. High-magnified SEM images of as-deposited films, under 6 seem CH4 flow rate condition,

on the pretreated surface, in case of (a) the normal process, (b) 180130 see cyclic process,

and (e) 301180 see cyclic process, respectively.

To manifest the enhancement of the selectivity of diamond film deposition by the cyclic process, we investigated

the surface images of as-deposited diamond films after 6 h deposition reaction, especially around boundary areas

between the pretreated and the untreated areas on glass substrate. Figs. 5 and 6 show SEM images around boundary

areas of as-deposited diamond films in the normal process (Figs. 5a and 6a) and in the cyclic process having the

growing/etching time = 180/30 sec (Figs. 5b and 6b) and 30/180 sec (Fig. 5c and 6c), respectively. As shown in these

figures, on the untreated area of glass substrate, we could not observe any distinct difference of the diamond

nucleation densities between the cyclic process and the normal process. On the pretreated area of glass substrate,

however, we could already observe the enhancement of the diamond nucleation densities (ref. 5). Indeed, we can

obtain the highest diamond nucleation densities on the pretreated area, with little change of the diamond nucleation

densities on the untreated area, by using the cyclic process having the less etching time interval. Therefore, we

suggest that the cyclic process having less etching time interval may be the optimal condition for the enhancement of

the selectivity of diamond film deposition on glass substrate.
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Figure 5. SEM images of as-deposited films, under 4 seem CH4 flow rate condition, around the boundary

areas between the pretreated surface and the untreated surface, in ease of (a) the normal process,

(b) 180130 see cyclic process, and (e) 301180 see cyclic process, respectively.

Figure 6. SEM images of as-deposited films, under 6 seem CH flow rate condition, around the boundary

areas between the pretreated surface and the untreated surface, in ease of (a) the normal process,

(b) 180130 see cyclic process, and (e) 301180 see cyclic process, respectively.
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Thecausefor theenhancementof theselectivityof diamondfilmdepositiononthepretreatedglass
substratebythecyclicprocessmaybeattributedtothecyclicmodulationoftheH2/CH4concentrationratioin the
sourcegas.Aspreviousreports(ref.7),thepretreatedareahasroughsurfaces.Theroughsurfacecanenhancethe
suitablediamondnucleationsitesbythecyclicprocess.Inthecaseoftheuntreatedarea,however,therelatively
smoothsurfacestatesseemtobeinsufficientforreadilydiamondnucleationbythecyclicprocess.Consequently,in
caseofglasssubstrate,thecyclicprocesscanenhancetheselectivedepositionof diamondfilmviatherelative
increaseinthenucleationdensitiesonthepretreatedareathanontheuntreatedarea.

Inaddition,theoptimalconditionfortheenhancementoftheselectivityofdiamondfilmdepositiononglass
substratemayberelatedtotheinjectionamountofcarbonsourcespeciesduringthecyclicprocess.Thelessetching
timeinterval(180/30sec)conditioncanintroducethemoreamountofthecarbonspecies,comparedwiththemore
etchingtimeintervalcondition(30/180sec)inthecyclicprocess.Therefore,180/30seccyclicprocessmayimpose
morediamondnucleationdensitiesthan30/180seccyclicprocess,duetotheabundantamountofthecarbonspecies.
Consequently,180/30seccyclicprocesswouldbetheoptimalconditionfortheenhancementof diamondfilm
depositiononglasssubstrate.

Toinvestigatetheenhancementof thediamondqualityby theapplicationof thecyclicprocess,we
investigatedthegrainsonthepretreatedglasssubstrateusingmicro-RamanspectroscopyasshowninFigs.7a- c.
Therelativeintensityratio(IJIa)ofdiamond(at1332cm-1)toamorphouscarbon(around1500cm-1)increasedin
thecyclicprocess(compareFigs7awithb andc),indicatingtheincreasein therelativefractionof diamond
componentin thegrain.It revealsthereadilyformationofdiamond,insteadof amorphouscarbon,bythecyclic
process.
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........................................................................................
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Figure 7. Raman spectra of as-deposited films, under 4 sccm CH4 flow rate condition, in case of (a) the

normal process, (b) 180/30 sec cyclic process, and (c) 30/180 sec cyclic process, respectively.

In case of the cyclic process, we also observed the increase of Id/Ia with increasing the etching time interval

in the cyclic process (compare Figs. 7b with c). Obviously, it reveals the enhancement of the diamond quality for the

grain by the cyclic process having more etching time interval. The relative high ratio of atomic hydrogen during the

30/180 sec cyclic process seems to be the cause for the diamond quality enhancement of the grain, because atomic

hydrogen can more readily etch away amorphous carbon than the diamond component in the grain. Consequently,

the more etching time interval in the cyclic process can produce the higher relative fraction of diamond component in

the grain.
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CONCLUSIONS

Thediamondnucleationdensitiesonthepretreatedglasssubstratewouldbemuchmoreenhancedunderthe
conditionofthelessetchingtimeintervalinthecyclicprocess.Consequently,thecyclicprocesshavinglessetching
timeintervalmaybetheoptimalconditionfortheenhancementoftheselectivityofdiamondfilmdepositiononglass
substrateviatherelativeincreaseinthenucleationdensitiesonthepretreatedarea,comparedwiththeuntreatedarea.
Thecauseforthismaybeattributedtotheincreaseintheamountofcarbonspeciesduringthecyclicprocesswith
decreasingtheetchingtimeinterval.

Theenhancementof thediamondqualityforthegrainbythecyclicprocesswasnoticeableunderthemore
etchingtimeintervalin thecyclicprocess.Therelativehighratioofatomichydrogenduringthehighetchingtime
intervalcyclicprocessseemstoberesponsiblefortheenhancementofthediamondquality.
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An arc discharge method was applied to form diamond nuclei on mirror-polished

Si substrate, the properties of nucleation at different distances between substrate and

electrode and growth by microwave plasma chemical vapor deposition (MWPCVD)

were studied and compared with those on scratched Si substrate with diamond powder

and mirror polished Si substrate nucleated by bias enhanced nucleation (BEN) method.

Scanning electron microscopy (SEM) and Raman Spectroscopy (RS) were using to

analyze the film morphology and quality. The results indicate that high nucleation

density and high quality diamond films can be formed on arc discharge treated mirror-

polished Si substrate under selected deposition parameters.

Keywords: diamond, CVD, arc discharge, nucleation, growth

NASA/CP--2001-210948 273 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

HOMOEPITAXIAL DIAMOND GROWTH AT HIGH AND LOW

TEMPERATURES: DESIGNER DIAMONDS TO LARGE CRYSTALS

Yogesh K. Vnhra
Department of Physics

University of Alabama at Birminghmn (U,,M3)
Binrtingham, AL 35294-1 t70, USA

E-mail: ykv0hra,_c_uab.edu

ABSTRACT

This abstract will cover recent advances in d_e homoepitaxial dimnond growth by microwave
plasn_l chemical vapor deposition. We will explore _vo growflt regimes, one at fl_e temperatures in fl_e
range of 1200 to 1300 °C and another one at temperatures near 800 °C. tn a collaborative projec! with
Lawrence Livermore National Laboratory, high quality single crystalline dimnond films have been grown
on diantond mwils as snbsl_ales with encapsulated metal nticreciretdts to fabricate "Designer Dimnond
Anvils" for applications in high-pressure science and technology.

Designer Dimntmd in reflected light
showing exposed microprobes on d_e surface

lk

l 2ram

Designer diamond in Ozmsmitted lighl
showing ci_tt bmied microprobes

3.6 rant x 3.8 refit x 2amn

homoepitaxiaIty grown diamond
cu'stal bt a 6kW microuave plasma
c\rD syslem on a type Ib yellow
substrate

Single c_Tstal diamond can be grown honloepita,:ially at high temperatures of 1300 °C wilh g_'m'dh ':ate

approaching 30-40 microns/hour with methane/hydrogen/nitrogen chemistry on a type Ib substrates. Large
dmmond cry'slals up to 4 nun em_ be grown but the edge of cWst',ds show multiple t_im_htg and lhmt the
ultimate size of these diantonds. Alternative, low temperature chemistu- of methane,qtyd rogergox'ygea tins
been probed to grow large crystals starting with type iia diamond snbstrates. The eustallino quNity of the
homoepitaxial dimnond eO'stals was evaluated by the miero-tknnmt spectroscopy and single c_Tslat x-ray
diffraction using the rocking curve measurements of (400) diffraction peak from dimnond. Future research

d_rections in large area hontoepitaxi'ed diamond _ov_th wilt be d_scussed.
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and support by the B-Division al the Lawrence Livennore National Laborator_ (LLNL) under the auspices
of the U.S Department of Energy, under contract No. W-7405-ENG-48. Author would also like to
acknowledge contributions from Ns coworkers Dr. Shane A. Cattedge and Dr Ch_h-Sltiue Van from UAB
and Dr. Jag,m_ Akel!a _md Dr. Sam Weir from the Lawrence Livermore National Laboratory..
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ABSTRACT

Conducting epitaxial diamond films of high quality are essential for many diamond studies and diamond

electronic device fabrication. We have grown boron-doped epitaxial diamond films on type IIa natural diamond

(100) substrates by microwave plasma chemical vapor deposition. A gas mixture of H2/CH4 was used. Boron doping

was done by placing solid sources of pure boron in the microwave plasma. Homoepitaxial films with atomic

smoothness were achieved under the following growth conditions: substrate temperature 900 °C, gas pressure 40

Torr, and gas flow rates of H2/CH4 = 900/7.2 sccm. The growth rate was 0.87 gm/hr. Surfaces of the homoepitaxial

films were studied by scanning tunneling microscopy (STM). STM images show smooth and continuous surface with

ripple-like features on micrometer scale. On nanometer scale, alternating terraces of 2x 1 and lx2 dimerization were

clearly observed.

Keywords: diamond thin film, homoepitaxy, scanning tunneling microscopy (STM).

INTRODUCTION

Boron-doped homoepitaxial films are commonly used for the study of various properties of diamond thin films,

such as surface structures (refs. 1 to 3), electrical or electronic characteristics (refs. 4 to 6), and electrochemical

behavior (refs. 7 and 8). In addition, such films are used in many diamond electronic devices (refs. 9 and 10). For

epitaxial growth of diamond, microwave plasma chemical vapor deposition (MPCVD) has been widely used and

studied (refs. 1 to 6, 9). A lot of work has been done on surface morphology and structures of polycrystalline (refs.

11 and 12) or single-crystalline (refs. 1 to 3, 13) CVD diamond thin films, which show strong dependence on growth

conditions. In these studies, images from optical microscopy and scanning electron microscopy (SEM) are usually

used to show surface morphology on micron or sub-micron scale, while scanning tunneling microscope (STM) and

atomic force microscope (AFM) are used to observe the surface from micron level to atomic level.

In this study, STM was utilized to investigate the surface morphology of boron-doped homoepitaxial diamond

(100) films on both micron and nanometer scale.

EXPERIMENTS

Type IIa (100)-oriented natural diamond substrates (3x3x0.25 mm 3) were used in this study. Diamond substrates

were degreased in acetone and ethanol, then cleaned in a 1:1 solution of HNO3 and HF, and in a 1:3 solution of

HNO3 and HC1. They were finally rinsed with deionized water and mounted in a shallow dip on a Si wafer which

was used as the sample holder.

Diamond epitaxial growth was carried out in the 6-inch cylindrical chamber of a MPCVD system (ASTeX).

Hydrogen and methane were used as reactant gases. The gas flow rates of H2 and CH4 were 900 and 7.2 sccm,

*Author to whom all correspondence should be addressed; email: salbin@odu.edu, fax: (757)683-3220, phone:

(757)683-4967.
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respectively.ThediamondsubstratemountedontheSisampleholderwasplacedonagraphiteheaterintheCVD
chamber.TheheatertemperaturewascontrollableduringthewholeCVDprocess.Thegaspressurewasmaintained
at40Torrduringthediamondgrowth.

TheCVDchamberwasfirstpumpeddowntoabasepressurebelow10 -4 Torr. Then diamond substrate was

heated up in vacuum. When graphite heater reached 900 °C, hydrogen was introduced into the chamber and

hydrogen plasma was ignited by a 2.45 GHz microwave input with a power of 1000 W. After the sample was treated

in the hydrogen plasma for 5 min, CH4 was introduced into the chamber to begin diamond growth. The growth time

was 1 hr. Boron doping was done by placing four small pure boron pieces around the diamond substrate. Microwave

power and CH4 flow were turned off to stop diamond growth, and the sample was cooled down to 600 °C in H2. At

600 °C, hydrogen plasma was started again to treat the diamond surface for another 5 min. Finally, the diamond

sample was cooled down to room temperature in H2 gas ambient.

(a)

(b) (c)

Figure 1. Height mode STM images of diamond (100) surfaces: (a) surface before CVD growth; (b)

and (c) surface of the boron-doped homoepitaxial film.
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(a) (b)

Figure 2. STM images of the homoepitaxial diamond (100) film showing 2×1 surface reconstruction. (a)

A large-area height mode image shows alternating terraces of 2×1 and 1×2 dimerization. (b) Current

mode image shows that individual dimers are resolved.

Diamond samples were investigated in air by a commercial STM system (NanoScope III). Mechanically cut Pt-

Ir or ac-etched tungsten tips were used to probe the diamond surface. For scanning range on micrometer scale, height

mode operation was applied while images with atomic resolution were obtained in both height mode and current
mode.

RESULTS AND DISCUSSIONS

The homoepitaxial growth rate of 0.87 gm/hr was calculated from the sample weight increase after CVD

deposition. After the sample was boiled in H2SO4 or HNO3, the surface of the epitaxial film still had a relatively high

conductivity of approximately -10-1 _.cm. This result demonstrate that the electrical conduction was created by

boron doping, not by the surface hydrogenation since the high-conductivity layer near the surface, induced by

hydrogen incorporated in the surface region, can be removed by oxidation of the surface using strong acid solutions

such as H2SO4 and HNO3 (ref. 6).

Figure l(b) and l(c) are STM images showing the surface of the deposited diamond (100) film on micron and

sub-micron scale. For comparison, Figure 1(a) shows the STM image of the polished diamond surface prior to

epitaxial growth. The diamond substrate was treated in hydrogen plasma for 5 min to obtain surface conduction

needed for STM imaging. As shown in Figure l(a), the parallel-groove pattern is considered to be formed during the

surface polish process (ref. 14), and the surface roughness is 0.583 nmm_ and 4.509 nmpp. After homoepitaxial

growth, the parallel-groove pattern is still visible but smaller groove depths make a smoother surface with a

roughness of 0.384 nmm_s and 2.781 nmpp (Figure l(b)). In Figure l(c), the long-range height variation is also due to

the parallel-groove pattern and the surface appears consisting of nano-scale features which are believed to be the

terraces formed during the diamond deposition (ref. 15). The surface roughness in this 500x500 nm 2 area is 0.096

nmn_ and 0.893 nmpp. It is expected that the surface height variation could be further reduced with a longer

annealing time in hydrogen plasma and a thicker film grown for longer time.

The atomic-resolution STM pictures are shown in Figure 2. Terraces with alternating 2xl and lx2 dimerization

are clearly displayed and individual dimers are also resolved. This kind of surface structure, i.e. double-domain

surface, is considered to be created by two-dimensional nucleation (ref. 15). The average terrace width is -4 nm

while adjacent terraces are separated by a single-layer step.

SUMMARY

Boron-doped homoepitaxial diamond (100) films have been grown on type IIa natural diamond substrates. The

surface morphology was observed using STM. Compared with the diamond surface before CVD growth, the
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depositedsurfaceissmootherwithlesssurfaceheightvariation.Atomic-resolutionSTMimageswereobtained
revealingthesurfacereconstructionof2xl dimerization.
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ABSTRACT

Diamond film has been made with adding PH3 in order to prepare n-type semiconducting diamond.

The diamond film was deposited on {001 } high pressure synthetic diamond by a microwave plasma CVD

method, and was characterized with cathodoluminescence spectroscopy and topography to obtain information

of defects. A 239 nm peak, an exciton bound to P, and a broad band with a maximum around 270 nm were

found, indicating that phosphorus is doped in the film grown on { 100 } substrate as well as {111 }. In addition,

it was also found that sharp peaks at 415,484, 500, 514 and 532 nm, which are common in CVD diamond, are

located in small diamond particles deposited with orientations independent of diamond substrate.

Keywords: CVD diamond, P doping, Cathodoluminescence

INTRODUCTION

Physical properties of diamond are sensitively influenced by impurities or defects present in diamond, and it

is important to understand structure and character of the defects, and then to establish methods to control

them.

Luminescence spectroscopy is an easy and sensitive method to detect defects in diamond. However,

spectroscopic data do not directly provide information of the defects such as defect structure and

concentrations. In order to increase power of the method, it may be a way to accumulate data which give

correlation between spectra and conditions under which luminescence bands appear or disappear.

There are a number of reports on the luminescence spectroscopy(ref. 1), but most of them are on high

pressure and natural diamond. As for CVD diamond, relatively few reports have been published. In CVD

diamonds, luminescence bands unique in CVD diamond have been observed as well as those common in

natural and HPHT diamonds. In this report, we describe luminescence bands observed in CVD diamond

doped with phosphorus during growth, and distribution of the bands is also described.

EXPERIMENTAL

We made diamond film using a microwave assisted plasma CVD system in which a metallic container was

used to avoid contamination of silicon impurity. High pressure Ib diamond (001) surface with 2 mm

square( Sumitomo Electric Industries Co.) was used as a substrate. Conditions of the synthesis are: 0.1-0.5%

of methane content relative to hydrogen, 80 - 200 Torr of total gas pressure, 0.2 - 1% of PH3 concentrations,

860 - 920 °C of substrate temperature, 2 - 20 hr of growth time.

Surface of the grown diamond film was observed using an Olympus optical microscope and a JEOL JSM-

5410 scanning electron microscope.

Cathodoluminescence( CL ) spectra and images were taken using a Topcon SX-40A scanning electron

microscope fitted with a SPEX 1/3 m spectrometer. CL light monochromitized by the spectrometer was

detected by a photomultiplier to display the signal on CRT to show CL image. Princeton Instruments CCD

NASA/CP--2001-210948 279 August 6, 2001



wasusedtorecordCLspectra.InordertodetecttheCLsignalwithhighintensity,slitwasopenedtolmm
wide,leadingtorelativelywiderluminescencepeaks.

Sampleswerecoatedwithgold,butthecoatwassothinthatluminescencepassedwithoutconsiderable
absorption.Thesamplewascooledto-160°Cwithliquidnitrogen.

RESULTS AND DISCUSSION

Surface morphology

Fig.3(a) shows an example of surface morphology of the grown diamond. Growth steps and fine particles

are seen, as described previously on (001) homoepitaxial diamond(ref. 2). Growth steps are high enough to be

clearly seen even by SEM. They are undulated, and sometimes form growth hillocks with square shape.

It is noted that fine particles are formed on the surface. They are diamond with 10 to 20 pm in diameter and

exhibit cubo-octahedral morphology. Twin planes are commonly seen in the particles. Their orientation is

independent of that of substrate. (111) surface of the particle is sometimes seen parallel to (001) of substrate.

Even if (001) of the particle is parallel to (001) of the substrate, <110> edges of the particle were not
coincident with those of the substrate.

Cathodoluminescence spectra

Several luminescence peaks were observed from the grown surface of diamond. They all have been

documented(ref. 1).

Peaks related to phosphorus impurity(ref. 3) are shown in fig. 1, which demonstrates two spectra taken from

different samples. A peak, (b), between two free exciton peaks, (a) and (c), is the P-related exciton peak,

which is located at 239 nm. A broad band, (d), with a maximum around 270 nm is also related to phosphorus.

Similar peaks have been described in boron doped diamond(ref. 4). However, peak position of the exciton

bound to phosphorus is 2 nm larger than that of the exciton bound to boron. Position of the broad band is also

different. Peak position of the P-related one is 10 nm larger than that of B-related one. Presence of the P-

related peaks confirms that phosphorus are incorporated into growth layer deposited on { 100 } substrate as

well. Previous reports on P-doped diamond were based on investigation of diamond film made on only { 111 }

surface(ref. 3). The broad band, (d), is present in one of the two spectra shown in fig. 1, suggesting that the

phosphorus related peaks, (b) and (d), are not directly correlated.

Q_

0 .......................................................................... ,

(a) (d)

(b) /p .... _,w.._20
/

15 , _

220 240 260 280 300

Wave length( nm )

Fig. 1 Two examples of cathodoluminescence spectra of phosphorus doped {001 } CVD homoepitaxial

diamond in a UV region. Two peaks, (a) and (c), are free exciton peaks, and a peak (b) is an exciton peak

bound to phosphorus. A broad band, (d), is also phosphorus related.

NASA/CP--2001-210948 280 August 6, 2001



Otherpeakswhicharenotrelatedtophosphoruswerealsoobserved.Twoexamplesofspectraareshownin
fig.2.

Spectrum(1)inFig.2exhibitsfivesharppeaksat415,484,500,514and532nm.Theyareunique,but
commonlyobservedinCVDdiamond(ref.5to13).However,theircharacteranddefectstructurearepoorly
understood.Relativeintensityofthefivepeakswasvariableinspectraaccordingtomeasurementsfor6films,
indicatingthatseveraltypesofdefectsareresponsibleforthepeaks.Inthisstudy,thediamondfilmwasso
thinthatluminescencefromthesubstratewasobservable.TheH3bandand2.56eVbandproducedfromthe
substrate,i.e.highpressuresyntheticdiamond,weresometimessuperimposedinspectrameasured,butit was
possibletotakespectraavoidingtheluminescencefromthesubstrate,assectordependenceofluminescence
observedinthesubstratewasconsidered.Thus,it wasconfirmedthatthevariablerelativeintensitymeasured
isnotaffectedbytheluminescenceofthesubstrate.

Fig.2 Cathodoluminescencespectraofphosphorusdoped{001} CVDhomoepitaxialdiamondinavisible
region.Spectra(1)and(2)weretakenfromdiamondparticlesandepitaxiallayer,respectively.(a)- (e)are
peaksfounduniquelyfromCVDdiamond,whereas(f)and(g)areseenfromnaturalandHPHTdiamondas
well.

It isreportedthatintegralintensityofthe484nmisproportionaltothatofthe514nmpeak(ref.11).Most
ofmeasurementinthisstudywasingoodagreementwiththereport,buttherewasacasethatthe484nmpeak
wasstrongwhilethe514nmwasnegligible.It isexpectedthatthis484nmpeakhasdifferentoriginfromthat
whichisproportionaltothe514nmpeak.

Thepeakat532nmmustbeascribedtoatleasttwodifferentdefects,ashasbeenreported(ref.6).There
wasaspectruminwhichapeakat532nmhasashapeconsistingoftwopeakswithdifferentwidth.Asharp
532nmpeakhappenedtobeobservedaccompaniedbythe575nmband,(g).Thisfeaturehasbeendescribed
byVavilovetal(ref.5).

Abroadband,(f),withamaximumaround430nmseeninbothspectra,(1)and(2),isthe"bandA",which
arecommonlyobservedeveninhighpressurediamondandnaturaldiamonds.Thepeak,(g),isazerophonon
lineofthesocalled575nmbandascribedtoanitrogen-vacancycomplex.

Theluminescencepeaksdescribedabovewereinhomogeneousinadiamondfilm,andluminescenceimages
areshowninthefollowingsection.

Cathodoluminescenceimages
MonochromaticCLimagesweretakenatthreedifferentwavelengthsof430,500and575nm.Anexample

oftheimagesisshowninfig.3.Theimagesat430nmand575nmindicatedistributionofthebandAandthe
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575nmband.Theimageat500nmindicatesdistributionofthefourpeaksbetween480and532nm.Wehad
expectedthatdistributionofeachpeakofthefourisfoundfromimagesif theyaretakenat484,500,514and
532nm.However,itwasnotpossibletotakethemathighresolutionsothateachpeakisresolved,becausethe
slitatthespectrometerhadtobeopenedsothatCLsignalisstrongenoughtogiveimages.Wewereafraid
thatimagesat500nmisinfluencedbythatofthebandA.However,it hasbeenconfirmedthattheimageat
500nmisnotofthebandA.

Asshowninfig.3,thereisacontrastinCLintensitybetweensmalldiamondparticlesandepitaxialgrowth
layer.CLintensityat430nmishighattheparticlesincontrastthatit ishighontheepitaxiallayerat575nm.
TheimagesindicatethatbandAisstrongaroundtheparticlesashasbeenpublishedbefore.It isreasonable
thatthecrystalishighlydefectivetoproducethebandAluminescence,becausecrystallatticeiscombined
withdifferentorientationattheinterfacebetweentheparticlesandtheepitaxiallayer.

ItwasfoundforthefirsttimethattheCLpeaksaround500nmmainlyarestrongintheparticlesasseen
fromfig.3(c).PositionsofthebrightspotwellfitwiththediamondparticlesshownintheSEM
image(fig.3(a),andalsowiththebrightspotofthebandA.Itmaybepossiblethatthebrightspotsat500nm
areduetocontributionoftailofthebandA.However,it isreadilyconfirmedthatthebrightspotsintheimage
at500nmarenotofthebandA.Comparingfig.3(b)and(c),it isfoundthatthereissomedifference.Regions
indicatedbyarrowsarebrightat430nm,butnotat500nm,wherediamondparticlesarenotpresent.The
observationrevealsthattheCLpeaksaround500nmarelocatedatdiamondparticlesandthatthebandAis
observedevenatregionswhereadiamondparticleisnotpresent.

Fig.3 Cathodoluminescenceimagesofadiamondfilmgrownona(001)HPHTdiamondtakenatdifferent
wavelength.(a)SEMimage,CLimagestakenat(b)430nm,(c)500nmand(d)575nm.Twospotsindicated
byarrowsarebrightat430nm,butdarkat500nm,confirmingthatbrightspotsin(c)arenotduetobandA.
Atrianglebrightregionseenin(c)showsagrowthsectorofthesubstrate.
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Ithasbeenreportedthatthepeakat500nm,whichisoneofthepeaksobservedinthediamondparticles,is
strongin {111} growthsectorofadiamondparticlegrownbytheCVDmethod(ref.12).Thepresent
experimentalresultthatCLimageat500nmisbrightatthediamondparticlesmaybeconsistentwiththis
previousreport,becausethediamondparticlesexhibit{111} growthsector,whereastheepitaxiallayerhas
only{001}surfaces.Luminescencespectraweretakenfromseveraldiamondparticles.Accordingtothe
measurements,therewastendencythatthefivepeaksat415,484,500,514and532nmarestrongerfrom
particlesonwhich{111}surfacesaredominantthanfrom{100} dominantparticles.However,moredetailed
observationisrequiredtoconfirmthesectordependenceofthefivepeaks.

CLimagesoftheP-relatedpeakswerenottakensuccessfully,becausetheluminescenceintensitywastoo
weaktoberevealedontheCRTdisplay.

SUMMARY

Phosphorus doped diamond film was deposited by the microwave assisted CVD method on a {001 }

diamond surface, and was characterized with cathodoluminescence spectroscopy and topography. An exciton

peak and a broad band, both of which are P-related, were detected, indicating that phosphorus is incorporated

even in the {001 } epitaxial layer. Luminescence peaks at 415,484, 500, 514 and 532 nm, which are uniquely

in CVD diamond, are preferentially observed from particles which nucleated on the substrate independently.
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ORIGIN, EVOLUTION AND SOME PROBLEMS OF DIAMOND CVD
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On totality of properties diamond may qualified as supermaterial. However it potential in

science and industry disclosed properly only with appearance of modern CVD methods of diamond and

diamond films (DF)synthesis. Issued on 1981 publication in the subject of Russian researchers

apparently triggered relative work of Japanese, and then and other our colleagues on all five continents.

Development of various methods in the diamond CVD, and impressive academic and practical results

are obliged to efforts of thousands researchers in hundreds laboratories. The authors of this short

review and their colleague in our Lab continue a modest contribution to some of the most challenging

directions. We prolonged in-situ doping of epitaxial DF by phosphorus and sulfur. Hall method

confirmed formation of diamond with an electron type conductivity. The combination of different

methods of vapor phase activation allows us essentially, in 2-3 times, to increase growth rate of

polycrystalline DF, with retaining of their quality. Obtained for the first time epitaxial A1N films on -

(111) diamond, is, supposedly the way to advanced heterostructures for solid state electronics.

Appreciating an impressive success of the diamond community, we shall note some unsolved

following problems: the mechanism of nucleation and growth CVD-diamond, synthesis continuous

ultra-thin DF, low-temperature DF deposition, DF heteroepitaxy, and controlled DF with n-type

semiconductivity.

The successful advance in the solution of the above-stated problems requires interdisciplinarary

approaches and international scientific cooperation. Outstanding opportunities for this provides us

forthcoming ADC/tZCT'01.
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ABSTRACT

A computer model have been set up for simulation of the flow and temperature field, and the radial distribution

of atomic hydrogen and active carbonaceous species over a large area substrate surface for a new type dc arc plasma

torch with rotating arc roots and operating at gas recycling mode. The model was based on the structural feature of

the particular type of plasma torch, and on the principles of fluid dynamics, plasma physics, and plasma chemistry.

Rotating arc was treated as a localized arc column with a radius close to that of the torch orifice. Whilst the non-

equilibrium arc plasma was treated as in a stead state of thermodynamically localized equilibrium in the scale of the

digitized cell size for numerical calculations. A gas recycling radio of 90% was assumed. In numerical calculation of

plasma chemistry, the Thermal-Calc program and a powerful thermodynamic database were employed. Calculated

results were used for prediction of the growth rate and the quality as well as their radial uniformity of diamond film

deposition over large area substrate.

Keywords- computer simulation, dc arc plasma torch, rotating arc roots, gas recycling, large area diamond

deposition

1. INTRODUCTION

Of the very many deposition methods, high power DC arc plasma jet is generally considered as the most

promising technique [1]. However, the conventional design of plasma torches based on the technologies of plasma

thermal spray or high power industrial arc-heaters suffer the disadvantages of high gas consumption, low heat

efficiency, the complicity and high investment of the equipment, and the most of all, the difficulties for large area

uniformity of diamond deposition. In our previous publications [2-4] we have disclosed a new type of magnetic and

fluid dynamic controlled large orifice long discharge tunnel plasma torch which guarantees the large area uniformity

by rotating arc root. In the present paper, a computer model have been set up for simulation of the flow and

temperature field, and the radial distribution of atomic hydrogen and active carbonaceous species over a large area

substrate surface for this particular type of dc arc plasma torch. Theoretical predictions on growth rate and quality

and the uniformity of diamond film deposition over large area substrate are presented.

2. THE COMPUTER MODEL

2.1 The large orifice arc plasma torch with rotating arc roots operating at gas recycling mode

Fig.1 (a) shows the photograph of the 100kW arc jet plasma torch with rotating arc roots operating at gas

recycling mode by which a growth rate as high as 40-50gm/h over a substrate area of _ll0mm maximum for

uniform diamond deposition can be realized [2-4] Fig.1 (b) and (c) show the arc plasma and the principle of arc

rotating for large area uniformity diamond deposition. As explained in our previous publications [2-4], carbon source

gas (e.g. CH4) can not be introduced through the cathode, and must be feed at a suitable position downstream.

However, the inlet cold carbon source stream will not automatically mix with the hot arc column, but instead cause it

to shrink. As shown schematically in fig.1 (c), the rotating arc acts just like a firewall near the exit nozzle of the
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anode,whichwill rapidlyheatupthecoldgassheathandcauseit toexpandandbeexpelledthroughthenozzle.
Besidestherotatingarcalsobehavesasastirrer,whichfurtherguaranteestheuniformityoftheplasmajet.

(:old carbon

\

Arc

Anode

The

-Plasma jet

(a) (b) (c)

Figure 1 (a) Large orifice arc jet plasma torch with rotating arc root operating at gas recycling mode, (b) photograph

of arc plasma (a dark filter was used), the substrate area was dPll0mm, (c) schematic showing the principle of arc

root rotating

2.2 The computer model

In order to set up the computer model, the discharge tunnel of the plasma torch shown in fig. 1 is simplified as

composed of two columnar spaces (see fig.2). The cathode is located on the top of the discharge tunnel, whist the

_r c2th,,a_ substrate is placed a certain distance below the anode exit nozzle. Only newly feed

¢" _ i_i24ctf 4 Ar is allowed to pass though the cathode, whilst the newly feed Hz+CH4 are mixed

with the recycled gases before entering the tunnel. The principles of gas recycling

can be found elsewhere [2-4], and is similar to that used by Partlow et al [5'6].

1 Principles of the theories of fluid dynamics, plasma physics, and plasma chemistry

i have been applied. The detailed descriptions can be found elsewhere [71. In order to
Anodei

l calculate the heat generated due to arc discharge, it is assumed that the discharge is
i

1 constrained inside the arc column, and is uniform within its whole volume. The arc
i
i

11................ column is sustained between the tip of the tungsten cathode and the copper anode. By

: i t '_ proper manipulation of the magnetic field and the fluid dynamics, it is possible to locate

/./ /; "',. the arc roots exactly at the position near the exit nozzle of the anode, and rotate rapidly

I Me sub,_trate [ (see fig.1 (c)). The diameter of the arc column can be given as :

] ] Qi = ki.Q0.1/(r2+ra 2) (1)

Figure 2 Simplified Where Qi denotes the heat generated within the ith element of the arc column, Q0 is the

geometry of the total heat could be generated by the input power, ki is a coefficient, whilst r and ra are the

discharge tunnel radius of the anode nozzle and the arc column respectively. At the position of the

"firewall" shown in fig.l, ra is assumed to be equal to r.

Plasma chemistry was calculated by assuming that the stead state localized equilibrium in the scale of the

digitized cell size for numerical calculations could be easily established, although the plasma was thermodynamically

non-equilibrium in nature. The Thermo-Calc program together with a powerful database of thermodynamics was

used for calculation of the plasma chemistry.

Boundary conditions were chosen to match the actual experimental conditions as much as possible. They are as

follows: At all the water-cooled surfaces of the discharge tunnel: temperature was 323K, radial and axial velocity

were zero. At the Mo substrate surface: temperature was 1123K, radial and axial velocity were zero. Initial axial

velocity of the total inlet gases can be calculated from the total gas mass flow rate and the cross section near the

entrance of the arc discharge tunnel. The initial radial velocity was zero. The initial temperature of the inlet gas was

taken as 323K. The diameter of the nozzle exit and the water-cooled Mo substrate were qb60mm. Input power for this
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sizeoftorchexitandsubstratewaslessthan20kW.Aratioofgasrecyclingof90%wasassumedforallcalculations,
unlessotherwisestated.Boundarylayereffectswerenottakenintoaccountforthereasonsofsimplicity.

3. RESULTS AND DISCUSSION

3.1 Flow and temperature field

Fig.3 shows the calculated flow and temperature field for the particular type of plasma torch shown in fig.1 with

the following operating parameters: Argon to hydrogen ratio: 0.8:1.0; Inlet gas mass flow rate: Ar: 4.4 SLM, H2:5.5

SLM, CH4: 0.1SLM; Total gas mass flow rate: 100 SLM (inlet gases + recycled gases); Distance between the anode

nozzle and the substrate surface: 2 cm; Chamber pressure: 3kPa; Input power: 18kW.

g

/t
/

_ o'88_

(a) flow field (b) temperature field

Figure 3 Calculated flow and temperature field for plasma torch operating at 18kW and 3kPa. The unit for distance is

in cm, and for temperature is in Kelvin, the shaded area is the Mo substrate, the anode nozzle exit is located at

y-2cm, the cathode tip is placed at the position of x-0.00, y-16.00cm.

Mo substrate is placed at the position of y - 0.00, which is 2 cm away from the anode nozzle (y - 2.00). The

cathode is located at the top (y - 16.00). It can be seen from fig.3(a) that there is no turbulent flow and the flow over

the substrate surface is smooth. Small vortexes shown in fig.3(a) is due to over simplification, which do not happen

in the real case. However, very big temperature gradient can be observed near the cathode region, whilst the

temperature distribution is quite uniform over the _60mm Mo substrate, which may due to the rotating arc. The exit

2.00 _ I I I I I I I I I I I

100

0 50

0.00_

3.00 2.50 200 1.50 100 050 0.00 050 100 1.50 2.00 2.50 300 -3.(ZO-2.'50-2.'(8-1.'50-1.'00-0.'50 (R_)O 050 1.00 1.50 2_70 250 3.0[

(a) with arc roots rotating (b) without arc rotating

Figure 4 Temperature field over the Mo substrate surface
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temperatureof 3500-5000Kis ingoodagreementasestimatedfromopticalemissiondata.Fig.4(a)further
showstheuniformityofthetemperaturefieldoverthesubstratesurfaceinthecaseof arcrootsrotating,whilst
thetemperaturefield withoutarcrootsrotationis obviouslynon-uniform(seefig.4 (b).Thisclearly
demonstratestheadvantageof arcrootsrotating,whichis of vitalimportanceforlargeareahighquality
diamondfilmdeposition.Fromfig.4(a),it canbeseenthatthereisathinlayeroverthesubstratesurfaceacross
whichthereisa largebutradiallyuniformtemperaturegradient.Thethicknessofthislayeris lessthan2ram,
whichisreferredas"temperatureboundarylayer",andmayberelatedtotheboundarylayerin fluiddynamics.

3.2 Plasma chemistry

Fig.5 shows the calculated gas phase composition over the Mo substrate surface. The most abundant chemical

species are H, C, C2H2, C2H, C2, CH, whilst the concentration for CH4 and CH3 are negligibly small, and therefor not

shown. It can be seen from fig.5(a) that the radial distribution of those most abundant chemical species over the

substrate surface are quite uniform. For comparison, fig.5(b) shows the calculated radial distribution for the case

without arc roots rotating, where it can be seen that the distribution is rather non-uniform. Fig.5(c) and (d) shows

¢60mm diamond films on Mo substrate deposited with and without arc roots rotating at identical conditions as for

the numerical calculations, which is in direct coincidence with the radial distribution of chemical species (fig.5(a)

and (b)) and the distribution of gas temperatures over the substrate surface (fig.4). Thus we have demonstrated again

the advantage of arc roots rotating. Calculated results shown in fig.5 have also been partly verified by optical

emission spectroscopy, where only C2 and CH radicals were shown [sl
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Figure 5 Radial distribution of calculated gas phase chemical species over the substrate surface and the consequent

uniformity in diamond film deposition. Concentrations for CH4 and CH3 are negligibly small, therefore are not

shown. (a) and (c): with arc roots rotating; (b) and (d): without arc roots rotating

3.3 Prediction of _rowth rate and film quality and their uniformity for large area diamond film deposition

The absence of CH3 and CH4 radicals from our calculated results means that the CH3 mechanisms for diamond

growth cannot be applied. Controversial points of views on which radical should be responsible for CVD diamond
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growthcouldbefoundintheliterature.InitialargumentswerefocusedonCH3andC2H2,andmainlyforHFCVD
andMWCVD,andexperimentalevidencefavorableforbothCH3andC2H2werereported[9,i01.LohandCappeli[HI,
andGoodwin[:21suggestedthatCH3wasresponsiblefordiamondgrowthindcarcplasmajet.However,ithadbeen
reportedthat,forhighspeedhightemperaturesystem,CandC2mightbecomethemainconstituentsin thegas
phase,andsowouldresultindiamondgrowth,and[CH2]mayalsobeaneffectiveprecursor,whichcouldaccount
forasmuchas17%of observeddiamondgrowth[:243].MorerecentlyGruenetal.reportedthatnanocrystalline

[14]
diamond films could be grown from pure Argon and CU4, where C2 was the effective precursor

Based on our calculations it is reasonable to argue that C and C2 may be the main precursors for diamond growth.

However, C2H2, CzH, and CH2 may also be of importance.

Goodwin et al. [:sl had related the growth rate and the quality of CVD diamond films with the gas phase

concentration of atomic hydrogen and methyl radicals as:

G=9xl011f * [CH3IH] (2)
5×1o

c (3)
[def] _ [H]2

where G is the growth rate, f * is a constant, [dej] represents the density of defects, and therefore can be regarded as a

measure of the quality of diamond films. Apparently atomic hydrogen is the key factor for diamond growth. In our

numerical calculations it was shown the concentration of atomic hydrogen was pretty high (see fig.5(a)), therefore

high growth rate and high quality diamond deposition could be expected. Since [CH3] is negligibly small, so

equation (2) can be modified to fit the C2 mechanism as:

Z[CI[ H] (4)

G =k:" k2 + _q]

where kl and k2 are constants, which can be obtained using experimentally measured G and Z[C]i. Thus equation (4)

and (3) can be used for prediction of the growth rate and the quality as well as their radial uniformity for large area

diamond film deposition by DC arc plasma jet.

We have done a number of "virtue experiments" on the effects of process parameters on large area diamond

deposition. Very interesting results have been obtained and compared to experimental observations. For example,

fig.6 shows the effect of the distance from substrate surface to the exit of the anode nozzle. Where it can be seen that

the growth and quality as well as their radial uniformity all decreases with increasing substrate to anode nozzle

distance. Obviously this is in contradictory to that reported in literature for arcjet diamond film deposition [:61

However, the predicted results coincide quite well with the experimental observations. The reason for this

discrepancy is the design feature of arc root rotating which was also taken into account in our computer model.

20-

la- ,_
4 crr-i _ __ .................2¢m

:3_

3 em ,_
..... o--

,0. 4em

E _................_.................._....................................._..................,_.................._ _,__._m ....
0)

q_

o'.o o'._ ,'.o ,'._ 2:o 2'._ a'.o o.'o o.'5 i:o i.'5 2.'o 2.5 s.'o
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(a) growth rate (b) film quality

Figure 6 Effect of the distance of substrate to anode nozzle on growth rate and quality and their radial uniformity

over a qb60mm deposition area
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Becausetherotatingarcis locatedneartheanodenozzle,andthearcjetis"soft"ascomparedtomostoftheother
arcjets,whicharesometimessupersonic,thereforethetemperaturefieldtendtodecreaseandtobemorenon-uniform
withincreasingdistancefromtheanodenozzle.

4. SUMMARY

A computer model has been established for a special type of dc arc plasma torch with magnetic field and fluid

dynamics control and arc root rotating operating at gas recycling mode. Flow and temperature field as well as plasma

chemistry has been simulated. The advantages of arc root rotating have been demonstrated. Growth rate and quality

as well as their uniformity for large area diamond deposition can be predicted. It has been shown that it is possible to

use the model for simulation of the effects for a series of important process parameters on large area diamond

deposition.
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Abstract

DC-arcjets operating with a hydrocarbon / H2 / Ar gas mixture enable chemical vapour deposition (CVD) of
high quality diamond films at growth rates unobtainable using the more traditional hot filament or
microwave reactors)

Previous gas-phase studies on microwave plasma enhanced diamond deposition have concluded that the
dicarbon (C2) species concentration may be inversely proportional to the diamond film quality) In
contrast, optical emission studies of a DC-arcjet diamond CVD reactor operating on Ar / H2 / CH4 gas
mixtures have found that high C2 concentration correlates with high quality diamond growth. 3'4

Our current studies axe focussing on first concentration measurements of ground state C2 radicals and their
rotational temperature, within a DC-arcjet plume using the ultra-sensitive laser based absorption technique
of Cavity Ring-down spectroscopy (CRDS). This type of spectroscopy has been used previously in gas-
phase studies of CH3 and CH radicals in Hot-filament 5 and Oxy-acetylene reactors 6 respectively, but has
not been applied to spatial profiling species concentrations and temperatures within a plasma jet.
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ABSTRACT

The developmem of efficient microwave plasma reactors for diamond CVD is an important issue for the
production of large area, high quality diamond disks. In this context numerical simulations using FEM algorithms
that allow a self-consistent determination of the electric field and plasma density distribution in microwave plasma
reactors have found considerable interest. The talk will describe the numerical concepts applied and the validation of
the simulation results.

Two types of microwave plasma reactors have been realized. One exhibits an ellipsoidal cavity with two focal
points. By coupling microwave energy into one focal point, high electric fields can be generated in the second one.
This in turn can be exploited for the excitation of intense plasmas. This ellipsoidal reactor is now used as a
"workhorse" for the routine production of diamond disks.

As an alternative a second reactor concept has been studied. In this reactor the microw_.ve enters the plasma
chamber through a ring-shaped circumferential window. The microwave is guided to the window by radially
expanding a coaxial waveguide. Simulation results, measurements performed with a miniature microwave sensor
and preliminary performance tests will be presented for this CAP-reactor (_ircumferential antenna l/lasma reactor).

Furthermore, the properties of CVD diamond disks and their applications in optics (radiation windows and
lenses), thermal management (heat spreaders) and mechanics (wear resistant components) will be described.

Keywords: microwave plasma reactor, numerical simulation, diamond disks
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ABSTRACT

The flame process offers two advantages : it is, on the one hand, relatively easy to realise, and on the other

hand, gives a crystals growth speed more than hundred times faster than the CVD processes one.

This method presents however problems which are still not yet solved. It leads to "local" coatings (lower than

1 cm 2) : the covering of large surfaces consequently needs a torch motion across the sample surface, that can induce

a crystals graphitization. The use of an argon shield or a combustion chamber can avoid that.

The nucleation density, the crystals size and orientation and the growth direction are hardly controlled as they

greatly depend on many factors (gases speed, C2H2/O2 ratio, combustion instability); these parameters variations

lead to flame modifications inducing irregularities in the coatings.

In spite of these drawbacks, the flame process remains an attractive method for covering cutting tools. The

tribological behaviour of these coatings is different from the one of those obtained by CVD as the dangling bonds

are here mostly saturated by oxygen.

This paper presents a review dealing with the technological and scientific knowledge as well as the evolution of

this process during the ten past years.

Keywords : diamond coatings ; flame process ; mechanical properties ; cutting tools

INTRODUCTION

Among the different elaboration methods of diamond coatings, subject in vogue during the past ten years, the

flame process is very attractive as it, in theory, does not need expensive apparatus. But it is observed that since its

development [1], even if the elaborating devices were improved, particularly with the combustion chamber

principle, the obtained results do not keep, nowadays, their promise. Many studies were however realised and allow

a better understanding of the process itself as well as the deposition of coatings showing high optical and mechanical

qualities, but only on relatively small surfaces (in comparison with the low pressure CVD process).

We analyse hereafter the various parameters influencing the nature of the coatings and the process evolution

since its creation.

THE FLAME PROCESS

The CVD processes present a major drawback as they require a vacuum chamber, which is a relatively

expensive equipment, as well as components capable of resisting high temperatures.

To remedy these financial and material problems, Hirose and Kondoh in 1988 devised the flame process, using

the fact that a flame is in reality a plasma in air and can thus play the role of a reaction chamber giving thus the heat

necessary to the creation of radicals involved in the formation and growth of diamonds [1,2].

Experimental device

This process, based on the dissociation of the carbon originating from the acetylene, during its combustion in

oxygen, is comparatively easy and not onerous as it needs :
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-anoxy-acetylenetorchequippedwithamovingsystem,
-twoflowmeterstocontroltheoxygenandcombustibleflows,
-acoppersubstrateholderwithacoolingdevice,
-apyrometercheckingthesubstratesurfacetemperature(figurela).

t } +'+"" pyrometer ...... 1_'..,. _...I

dif_asionflame ] I ,'v'_qeatvlana £_nth_r

"' A & M" .... -' ..............

--l___Z¢__;-____'_'i' substrate '_"%:ff " "'_"I" ;"" '

............ t" ";:_ ..... dfffasi,'n _lame ;?)V
substrate holder with a cooling system .:

a b

Figure 1. Flame process (a) experimental device ; (b) flame structure

This device, outwardly not elaborate, requires nevertheless the mastery of many parameters to succeed in the

deposition of diamond coatings satisfying the imposed conditions of purity, crystallinity and morphology.

Principle of deposition

It is directly linked to the flame configuration ; three zones can be defined (figure lb) :

o:o zone 1 : the inner cone

This bright and sharp area is the hottest of the flame : temperatures around 3160°C were measured there [3] ; its high

temperature near its base ionises the hydrocarbon by thermal plasma, generating thus chemical vapour species useful

to the diamonds deposition. Oxygen and hydrocarbon burn there in stoechiometric conditions :

C2H2 + 02 -_ 2 CO + H2 + 107,2 kcal/mol (1)

o:o zone 2 : the acetylene feather

This area is formed when using an excess of acetylene and is made of carbon monoxide, hydrogen and radicals

originating from the hydrocarbon dissociation : C °, C2°, CH °, C2H °.

The substrate is set here so that the previously generated atomic carbon induces the formation of carbonaceous
structures like diamonds.

°:° zone 3 : the diffitsion flame

Hydrogen and carbon monoxide which were not entirely burnt during the primary combustion in zone 1, react with

the atmosphere (oxidation process) leading consequently to the formation of carbon dioxide and water vapour :

2 CO + H2 + 3/2 O2 _ 2 CO2 + H20 + 203,7 kcal/mol (2)

A peripheral zone (shield) is sometimes added to the three precedents when argon is used with the oxygen-

hydrocarbon mixing : this gas which has no effect on the previous reactions is intended to reduce the oxidation

phenomena occurring on the jet periphery by focusing the flame.

The deposition method of diamond coatings, beyond its low cost, differs from the CVD process essentially on

four points :

4, all the reactions occur in ambient air : the oxygen of the surrounding atmosphere could diffuse through the flame

periphery to the inner cone ; but it seems [4] that the attack abilities of the graphite by atomic oxygen (and OH

radicals) are two to three times higher than those of atomic hydrogen : a high concentration of atomic oxygen (and

OH radicals) at the flame periphery would contribute to the development of diamonds showing high quality [5].

o:o the dangling bonds of the diamond crystals are not necessarily saturated by hydrogen [6] as it is the case for the

coatings obtained by CVD.

o:o the crystals growth speed is high, 100 to 200 gm/h, reaching sometimes 600 to 900 gm/h but including in that

case graphitic impurities.
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o:othethermalenergyneedfultothediamondssynthesisdirectlycomesfromthecombustionenergyoftheprecursor
gas.

Theflameprocessshowsneverthelesssomedrawbacks,moreparticularlyif thesurfacewhichhadtobecoated
islargeandthesubstratetotallyheldintheflame:
o:ointhisconfiguration,thesubstratesidesareoverheated;whirlpoolsintheatmospherearethengeneratedthere,
inducingdeteriorationsofthecoatingsqualityandhomogeneity.
o:oturbulencescanappearin theflamewhenthegasescrossthesubstrate,thatleadstothepresenceof the
surroundingatmosphereonthesubstrate.

Infact,oneofthemainproblemoftheflameprocessistheobtainingofaverystableflame.It iswellknown
thatacousticwaves,inducinglocalandtemporalvariationsofthepressure,takeplaceonthenozzlesides; these
haveeffectsontheflamecircumference,modifyingthusthekineticsandcombustion.Theseinstabilitiesdisturbthe
diamondcrystalsgrowthandleadtotheformationofsuccessivestepsonthecrystallinefacets;theycanhoweverbe
reducedbymachiningnozzleshavingaconvergent-divergentsightcombinedwithanefficientelectrolyticpolishing.

WhenthelowpressureCVDprocessesassistedbyplasmaandothermethodsleadtocoatingswhomcrystals
havearegularsize,thoseobtainedbyflamepresentvariouscrystalssizeasthetemperature,thechemicalspecies
distributioninthegaseousphase,thegasspeedandtheincidentanglevarywiththedistancetotheflameaxis; these
coatingsareconsequentlynonhomogeneousandtheirmechanicalpropertieschangeable.Inordertoattenuatethese
phenomena,andtocoatlargesurfaces,alinearscanning[7]orarotatingmovementofthesubstrate[8]areused.

Nevertheless,manystudieshavealreadybeencarriedoutconcerningtheprocessimprovingandthedeposition
conditionsoptimisation.

THE FLAME PROCESS IMPROVING ; INFLUENCE OF VARIOUS PARAMETERS

Flame process with combustion chamber [9,10]

In this device devised by Murakawa, the substrate and the nozzles are located in a chamber (figure 2) ; the

pressure inside this combustion chamber is set constant at a value slightly higher than the ambient one.

::;:..+ secondary
:::::::+,,I_--- flame

.,+

view window

",_ _.t:::::l _:::::_'!."."."."."._'."._.'_':I ._
• _ ...............: ....._ ,..... ".'.'.'.'.'.'.'."

_'_+' -'_.':::::_::::I l::::_::::::::;_-,N,, _ tilted torch

combustton ::::::::::::::::::::::: +'_:....::::::::::.

chamber _:i:i:i:i.':_-:-:_:-:-'_:.:.:.:.:.:.:.:.:.
_:-:+:+:+:-::_:+.'._..'+:1:.-.-.-.-.-.-.-.-.:l substrate holder with

[:.i:.i:.i:.iiiiiiiiiiiiiiii:i_i:iiiiiiiiiiiii:__i-._.-..}.... cooling system

substrate

Figure 2. Flame process with combustion chamber

During the deposition with the classical flame process, both the carbon monoxide and hydrogen which are not

burnt during the primary combustion (1) are used in a secondary combustion ; but, when using the combustion

chamber, the oxygen needed for the secondary combustion is not introduced, and, as the initial oxygen has already

been used for the first combustion, the atmospheric oxygen is indispensable for continuing the reactions.

Consequently, in the case of flame process with chamber, the secondary combustion occurs out of the reactor, when
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thegasesproducedduringthefirstcombustionwouldhavebeenevacuatedbyaflarestackforthispurpose.This
depositionprocessinducesanidealchemicalreactioninanatmospheremadeofcarbonmonoxideandhydrogen.

Thefirstcoatingsobtainedbythisprocessshowedatoohighapparentroughnesswhichpreventsthemtobe
usedinanytribologicalapplications; thisproblemwassolvedbyworkingoutatwotimedeposition.Beforethe
beginningofthedepositionitself,thesubstratesurfaceissubmittedtoa pre-treatment : based on the fact that the

diamonds nucleation is not easy on a rough surface (the preferential nucleation sites are rather the convex slopes of

the asperities), diamond powder (5 nm in diameter) is distributed on the substrate previously polished by electrolytic

process ; the small surface cavities, thus partially filled up by these diamonds accumulations, become favourable
sites to the nucleation.

The process modification consists in the addition of a step during the crystals growth, step in which the

C2H2/O2 ratio is modified : it was shown that, for the classical flame process, an acetylene excess or a too low

substrate temperature induces a decrease of the non-diamond species attacks, that leads to the formation of a thin

DLC layer on the top of the pure diamond coatings. The growth by steps uses this thin DLC layer as a new

nucleation site for diamonds : it stops the formation of big crystals, diminishing consequently the final roughness of

the diamond coatings. The process begins first by a 25 min deposition with a C2H2/O2 ratio of 1.13 ; this ratio is then

increased to 1.43 during 30 sec before coming back to its initial value till the end of the test (40 min). The so

obtained coatings are made of small crystals, their roughness is similar to the one of diamond films deposited by hot

filament CVD, and the growth speed is still 30 gm/h.

In order to improve these coatings, Murakawa wanted to increase their thickness ; the last experimental device

allows the deposition of coatings having 300 gm thickness but in the form of non uniform layers. The setup was

then modified : the substrate can be rotated, and the nozzles, tilted, can be moved. The coatings uniformity was

consequently improved, but for this thickness (300gm) the diamonds quality was affected (whereas it is excellent for

30 to 50 gm coatings) showing thus that the modifications of the flame process with combustion chamber had to be

pursued.

Torch modifications

As the torch is the basis of the flame process, every modification of it will inevitably have consequences on the

coatings sight :

o_oan increase of the torch diameter going with an enlargement of the gases speed leads to a turbulent flame ; but, if

the proportions between the sizes of the inner cone and the acetylene feather remain constant, diamonds of very high

quality are obtained, even if the growth speed is lower [11,12].

o,*oa tilted torch induces variations of the coatings morphology [13] : with an incidence angle (angle between the

substrate surface and the torch axis) of 90 °, coatings are made of {111} facets, whereas at 60 °, {100} facets are

rather prevailing ; if this angle is decreased to 45 °, dense and homogeneous coatings are constituted of a mixing of

{ 111 } and { 100} facets. High purity polyhedral crystals are then obtained when the incidence angle is 30 °.

However, the tilted torch can create problems [5] : the so deposited coatings show delaminations and breaks,

which are essentially due to the bad adhesion induced by the decrease of the gaseous flows speed perpendicularly to

the substrate (the smaller the momentum of deposition particles running into the substrate, the lower the probability

of these particles diffusing into the substrate) ; the so observed growth speeds are moreover lower than those

obtained with the classical flame process.

The use of multinozzles [14] leads to uniform coatings, having a good quality, on 12 mm diameter surfaces ;

nevertheless, the presence of small non-diamond species indicates that this device had to be improved. Recently,

Hollman obtained diamond coatings of high quality with a 9 nozzles apparatus [15].

The substrate position in the acetylene feather

Diamonds can theoretically be obtained in all the acetylene feather ; however, if the distance (Ps) between the

extremity of the inner cone and the substrate increases, the coatings uniformity as well as the diamonds quality vary

[8]. On the contrary, if this distance is decreased, the growth speed is enlarged and the diamond quality improved ;

the best distance seems to be as close to the inner cone as possible [16].

The substrate preparation

Most of the diamond coatings are used to coat cutting tools made of tungsten carbide containing cobalt ; if the

Co concentration of the substrate surface is higher than a few percents, amorphous carbon appears at the diamond-

substrate interface during the deposition : this affects not only the substrate adhesion, but also the diamond growth

and cristallinity [17]. It is then essential to impoverish the surface in Co by using selective attacks with acid
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solutionsorbyadirectattackduringthediamonddeposition[18,19].Othersurfacetreatmentsforalloyedcarbide
(6%Co)weretested,andtheirinfluencesonthecoatingscompared[20]:
o:.Oxidisingflamepre-treatment(C2H2/O2< 1): thatinducesanoxidisationofthetungstencarbideleadingtoa
decreaseofthediamondparticlesdensityandconsequentlytoabetteradhesionaswellasarelativelysmooth
surfacestateattheendofthedeposition; however,if theCoisnotpreviouslypulledout,thecontactwiththe
oxidisingflameallowstheformationofCo2PandCoOwhicharefastenedtothetungstencarbidegrains,creating
thusaprotectivelayerpreventingthenthefavourableactionoftheflame.
o:.theultrasonicscratchingwithdiamondandironparticlesleadstoanexcessivesurfaceroughness,inducinga
relativelylowdiamond-substrateadhesion.
o:.theseedinggivesthehighestdiamondsdensity,thatconsequentlyimprovestheadhesionandreducesthecoatings
roughness.
o:.thebestresults(lowestroughness,highestadhesion)areobtainedwhenthesubstrateis firstsubmittedtoan
oxidisingflame,thenattackedbyacidsolution,andfinallyseeded.
Othertypesofsubstrates,especiallysilicium,werepre-treatedtoenlargethenucleationdensitybyoxidisingflame
[21]orbyapplyingabias[22].

Biasvoltageapplicationbetweenthenozzleandthesubstrate
A negativebiasappliedtothesubstrateduringthedepositionleadstotheappearanceofanelectricfieldin the

plasma,thathasaninfluenceonthecrystalsgrowth:largemonocrystallinediamondscanthusbeobtained[23].
Thewaythecoatingsgrowis alsomodified[24]: acolumnargrowthisreplacedbyasmallgrainssize

developmentwhenapplyingabiasvoltage,then,whenathresholdisreached,nanocrystallinediamondsareformed.
Themechanismsexplainingthesevariationsarenotyetwellknown:
o:.ontheonehand,thebiasapplicationmodifiesthedistributionofthereactivespeciesdistributionintheflame,and
moreparticularlyonthesubstratesurface,asindicatedbythebrightercolouroftheflameinthepresenceofabias,
o:.ontheotherhand,it isalsopossiblethatthebiasinducesaionsbombardmentofthesubstratesurface,thatcan
introducedefaultswhichcanplaytheroleofnewnucleationsites; thiscouldexplaintheobservedsecondary
nucleation.

Oneobviousadvantageofthebiasapplicationistheformationofsmoothdiamondcoatingsinonestep(nopre
orposttreatment)withalwaysahighgrowthrate(50gm/h)similartotheoneoftheclassicalflameprocess.

Thedifferentkindofhydrocarbons
Acetyleneisthemostwidespreadhydrocarbonsusedintheflameprocess; themainreasonofthischoiceliesin

thefactthatontheonehandtheflamespeedofthiscombustibleisaround150cm/sinambientair(whereasit is
only75cm/sforethyleneand40cm/sformethane[25]),andontheotherhandit isneedfulthisvalueishightoget
favourablegrowthconditionsnearthesubstrate.Acetyleneisneverthelessarelativelyexpensivegas: thatiswhy
ethyleneandmethaneweretestedandcomparedtoacetylene[26]:
o:.forthesethreehydrocarbons,theobtaineddiamondsshowagoodquality,andhaveareasonablegrowthrate
(lgm/h),
O the range of the oxygen/hydrocarbon ratio values allowing the deposition of diamonds is larger for ethylene than

for acetylene,

O the first tests realised with methane seems to indicate it could give results similar to those of acetylene and

ethylene.

Other carbon precursors were also tested :

O MAPP, commercial mixing of methyl-acetylene and propadiene in LPG gas (propylene) at 70-180 torr, allows the

deposition of continuous diamond coatings [27],

O propylene alone, at 180 torr, leads to well crystallised diamonds [28].

Morphology modifications

The morphology is not the same in all the points of a diamond coating [14] :

o:o 0-3.5 mm from the centre, the crystals show {111 } facets,

o:. on and after 4 mm (transition zone), this is rather {100} facets on the top of { 111 } pyramids,

o:. at the periphery (on and after 5.5 mm), there are essentially {100} surfaces.

These observations, realised on diamond coatings obtained by flame process with multinozzles, are exactly

opposed to what these same authors have noticed in the case of a single nozzle [29]. This kind of opposition is

relatively widespread in the literature : for Kobashi [30], an enlargement of the methane concentration in hydrogen

modifies the crystals orientation from {111 } to {100}, and if the concentration continues to increase, it induces the
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formationofDLC; Spitsyn[31]obtained{111} orienteddiamondcoatingswithhighmethaneconcentration,and
{100}coatingsintheoppositecase.

Thediamonddepositionbyflameprocessoccursin conditionswhicharefarfromthethermodynamic
equilibrium,thisimpliesthatthesmallestmodificationin theobtainingmethodhasa significanteffectonthe
coating,explainingthusthedisparityofthepresentedresults.

ThesubstratetemperatureandtheO2/C2H2 ratio

The substrate temperature (Ts) plays an important part in the growth rate, diamond nucleation and crystals

quality, but also in the adherence to the coating ; according to the research workers, the ideal range for the substrate

temperature varies between 500 and 1300°C [32] or 700 and 900°C [8] (depending on the experimental conditions).

The ratio R - O2/C2H2 had to be in a relatively restricted range (0.85-0.95) [15] to obtain diamonds having good

quality, without contamination by non diamond phases ; it also influences the crystals orientation [16,33].

Polycrystalline coatings with a minimum of amorphous carbon and graphite can be obtained with the following

values of R and Ts : R> 0.95, Ts between 950 and 1050°C [34].

The 02/C2H2 ratio generally remains constant during the all deposition ; however, a variation of this ratio as the

test goes on has repercussions on the coatings characteristics. Ravi [35,36] has shown that a decrease of this ratio

induces the previous formation of a DLC layer which has a marked effect on the nucleation density of the diamond

crystals growing on it, as well as on their morphology. In the same way, by diminishing this ratio from 0.9 to 0.7

after 5 rain deposition, and during 30 sec before coming back to 0.9, the nucleation density and the adherence

obviously increase [37] ; the sensitivity to the substrate roughness is nevertheless decreased compared with the one

observed during a deposition when 02/C2H2 remains constant, and the obtained coatings are rather mixtures in

which the sp 3 amount is lower than the one observed in the classical process.

Murakawa realised in 1997 diamond coatings of high quality with a two steps deposition using a flame process

with combustion chamber [9].

Large size coatings

Many authors succeeded in the synthesis of large size crystals [38,39] ; the coatings deposition on large

substrate is fundamental for numerous tribological applications.

Murakawa [40] obtained two types of coatings (ball-like and well-crystallised) of 10x50 mm 2 by moving the

torch across the substrate. This device was then improved [41] : the nozzle is still moving, but a flame cover is

located around the nozzle, at the substrate surface level, in order to prevent the air introduction in the deposition

zone and consequently to avoid the secondary combustion; this stops then the oxide film formation. The

nondiamond phases are moreover removed by recovering during the successive crossings of the torch ; the so

obtained coatings reach size of 50x50 mm 2.

Recently [8], an experimental device allowing the obtaining of large coatings on various substrate was realised:

the torch is tilted and the flame surrounded by an argon shield, the substrate is rotated and cooled by a heat

exchanger. Those coatings effectively have a big size (1 cm 2 on a Si3N4 triangle), but their growth rate is lower than

the one observed for the classical apparatus ; because of its rotation, the substrate is out of the flame deposition zone

during the two third of the test, that induces "growth/attack" cycles on the diamonds when these latest are in contact

with the oxygen of the ambient air.

Coating-substrate adhesion

Various processes were used to improve the diamond coating adhesion on a substrate, but the most widespread

method is the scratch test [42,43] ; the substrate preparation (Co impoverishment, ionic bombardment, interlayer,

bias voltage application) is also of great importance to get a good adhesion and consequently a longer lifetime of the

coating ; the substrate temperature during the deposition plays an important part too : the formation of a diamond

coating on a nitride chromium substrate at around 900°C leads to a continuous film, but this temperature had to be

decreased to 250-400°C (to avoid high residual stress) to improve the adhesion [44]. In this case, scotch tape tests

realised on these coatings show that the highest adhesion is obtained at the centre of the coating.

Modelling of the flame structure

A numerical approach of the flame structure was realised by Riou Okkerse-Ruitenberg who developed a

coupled kinetic and reactor model. This allows the simulation of interaction mechanisms between the gaseous phase

and the surface as well as the description of the crystal growth on (100) diamond surface [45,46]. This model
nevertheless does not take into account the sonic instabilities due to the nozzle and which are detrimental to a

controlled behaviour of the flame.
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MECHANICAL PROPERTIES OF DIAMOND COATINGS OBTAINED BY FLAME PROCESS AND

APPLICATIONS

The lifetime of a diamond coating depends, most of the time, on its adhesion to the substrate. The main

mechanical application field of the coatings obtained by flame process is the cutting tools one ; those coatings are

sometimes used to coat small size dies intended for deep drawing.

In the case of the cutting tools, the cut essentially leads to the application of compressive normal stresses, but

the shaving deformation principally induces tangential stresses. When the coatings well support compressive

stresses, their breaking or unsticking are observed as those applied tangential stresses reach a critical value ; this

latest decreases as residual tangential stresses, having a thermal origin, appear between the coating and the substrate.

The tangential forces applied by the shaving to the coating are high, more especially as the coating roughness is

increased by a bigger mechanical hooking. It is a good thing to realise coatings having very small crystals size

and/or being polished by diamond powder to decrease the shaving friction on the tool as well as the tangential

stresses between the coating and the substrate.

Concerning the deep drawing, coatings are essentially submitted to normal stresses and consequently have long

lifetime [9]. It is however needful that the relative motions of both the die and the metal which has to be drawn, are

small as the fresh surfaces on the piece created during the plastic deformation, are very reactive, leading thus to an

important transfer of metal to the coating, especially when the roughness is high.

DIAMOND COATINGS STUDY

The flame process was studied and developed in our Laboratory ; the tribological behaviour of the so deposited

diamond coatings was investigated, but their characteristics had to be known in order to well interpret the obtained

results. One of the used coatings during the tests was {100} oriented ; the SEM image indicates that the coating is

homogeneous and the crystals joined (figure 3a). Its high crystallinity and purity (lack of graphite) are shown by the

EDS analysis (important carbon peak) and Raman spectroscopy (figure 3b).
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Figure 3. (a) SEM image and (b) Raman spectroscopy of a {100} oriented diamond coating

The scanning Raman spectroscopy on large surfaces (600 x 100 gm 2) was also used to characterise the coating

(figures 4,5).
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Figure 4. Surface analysis by Scanning Raman spectroscopy of {100} oriented diamond coating
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Figure 5. Crystals analysis by Scanning Raman spectroscopy of {100} oriented diamond coating

The surface analysis indicates that the coating is relatively homogeneous (figure 4), and the crystals analysis
(figure 5) shows that the centre of the facets contains practically no amorphous carbon and seems to be submitted to
compressive stresses more important than in the periphery.
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The diamond tribological behaviour is very complex ; to simplify, two parts are involved in it : on the one hand,

the diamond coating itself, characterised by, among other things, its crystals size and orientation ; and on the other

hand, the transfer which can present different sights (shaving or agglomerated particles) and chemical compositions.

All these parameters interfere in the friction process, leading to many-sided and imbricated phenomena. That incited

us to study some of them, and more particularly the influence of the crystals orientation. The main results obtained

with {111 }, {110} and { 100} oriented coatings sliding against High Speed Steel counterface in vacuum, oxygen and

water vapour under two different applied normal loads [47,48,49] are summarised as follows :

o:° SEM observations and EDS analyses showed that the crystals orientation, on the one hand, modifies the nature of

the transfer as it can present the sight of a dense film or little balls which play then the role of a lubricant in the

contact, and on the other hand, influences the way it is fastened on the coating. It also appeared that, except iron, the

main constituent of the counterface, chromium and cobalt are transferred from the disc to the pin in a particular way,

according to the crystals orientation.

o:° the nature of the indentation under oxygen also depends on the diamonds orientation, for a given applied normal
load or for a constant disc hardness.

o:° the way the diamond coatings are modified during the sliding under water vapour is greatly influenced by the

crystals orientation ; two tendencies can be observed : for the {111 } coating, it is rather a diamond deterioration

inducing the formation of disordered amorphous carbon. The same phenomenon occurs for the {100} coating, but in

an attenuated way ; there is moreover asp 3 to sp 2 transfbrmation leading to graphite at low load. Analogous results

are obtained under oxygen, but the observed phenomena occur faster because of the activation due to water vapour.

With the object of coating the cutting tools, it seems that {100} oriented coating without water vapour could be
selected.

CONCLUSION

The flame process analyse, in the aim of obtaining diamond coatings of high quality, shows that the main

problem is to rigorously control and remain constant all the parameters directing the coatings elaboration. The slight

flame instabilities, due to the interactions between the gas flow and the nozzle sides, represent a major difficulty

which has to be solved ; the non-uniform interaction of the flame with the substrate surface is, in the same way, an

important phenomenon preventing the obtention of diamond crystals having constant size and orientation.

The size of the coated surfaces remains relatively moderate, limiting thus, at present, their use in industrial

applications essentially to cutting tools.

The process evolution, even if it induces an increasing complexity of the devices, portends however interesting

developments in a next future.
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Wafer scale diamond films with optical transparency and high thermal conductivity have been synthesized by

the multi(7)-cathode direct current plasma assisted chemical vapor deposition (DC PACVD) method. Diamond

wafers have been grown on the metal substrates with 76 nun diameter under the deposition pressure of 100 Tort

and the input power of 15 kW, respectively. Synthesized free-standing diamond films have been polished and

their Ra values range several tens nm. Optical(visible and IR range) and thermal properties of diamond films

have been observed. Depending on the methane concentrations, there were large differences in the measured

values. A transparent diamond wafer deposited at an optimum condition showed high transmission of 70 % at

the 10.6 pm wavelength and high thermal conductivity of 21 W/cmK at room temperature. Variations of

transmission and thermal conductivity within a wafer were + 10%. The tangent loss and Roman spectroscopy of

the diamond films have been measured and the included impurity levels have been determined analysis

depending on the wafer location and the film thickness by RBS measurement.
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Abstract

Diamond is typically grown in molten metal of Group VIIIB (Iron

Group) at high pressure where diamond is stable (Sung 1997). The carbon

source is graphite and the molten metal serves as a catalyst-solvent (Sung &

Tai 1997a). Diamond can also be deposited in partial vacuum where

graphite is stable by thermal decomposition of carbonaceous gas (e.g.,

methane). Such a CVD process often requires the presence of hydrogen

atoms as catalyst. At low pressure, diamond can be easily converted into

graphite when brought in contact with molten Group VIIIB transitional

metals. However, Roy (1992) found that if hydrogen atoms are present, the

reverse reaction could take place, i.e., diamond could be formed from

graphite inside the molten metal even though graphite is the stable phase.

Since then, numerous experiments have been conducted in synthesizing

metastable diamond with molten metal under the atmosphere of hydrogen

atoms. However, it has been disputed if the diamond so formed is derived

from carbonaceous gas as in the case of CVD methods (Chung & Sung

2001), or diamond is indeed nucleated inside molten metal that is overly

saturated with carbon (Mallika et al, 1999). It was proposed that diamond

could be formed from overly saturated carbon atoms provided these carbon

atoms are surrounded by hydrogen atoms inside the pseudo lattice of molten

metal (Sung & Tai 1995). In this case, the melting point of the metal could

be suppressed well below the eutectic point of metal-carbon due to the large

incorporation of hydrogen.
In order to further elucidate the mechanisms of the diamond formation

in liquid phase, various binary metal systems (Cu-Mn, Cu-Ni, Cu-Pd, Ni-Pd,

Mn-Pd, Ni-Mn) were prepared from their component powders. These

powders were mixed with graphite powder and used as a precursor in a hot

filament CVD system. The atmosphere contained either pure hydrogen or it

also incorporated about 1% methane. The metal precursors were melted at
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100-200 °C below eutectic points of metal-carbon and held in place for a

period of about 3 hours.

Diamond crystals of a few microns across were found either exposed on

the surface of frozen molten metal, or they were wrapped inside a thin metal

skin, or both. It would appear that diamond was formed via competing

mechanisms of both CVD route and liquid phase synthesis. The latter

mechanism is limited by the diffusion of hydrogen atoms to permeate the

molten alloy. The alloys used in this study fall in two camps. One group

contains hydrogen getters, such as Pd, and to some lesser degree, Ni. The

other group contains carbide or hydride former, such as Mn. If the diffusion

of hydrogen atoms is fast, as in the case of using Pd alloys, diamond could

form inside molten alloy before CVD deposition of diamond took place on

the surface of molten alloy. On the other hand, as in the case of using Mn

alloys, only CVD diamond may be formed.

Key Words: Diamond Synthesis, CVD Diamond, Liquid Phase Synthesis,
Palladium

Introduction:

The feat of diamond synthesis marked a major milestone for the human

advancement of technology. In early 1950s two independent routes were

pursued for the synthesis of diamond. On one hand, graphite was squeezed

under ever increasing pressure and temperature (e.g., by General Electric

scientists) with the hope that it could be transformed into the stable form of

diamond. On the other front, methane was decomposed at high temperature

in the presence of diamond seeds (e.g., by Union Carbide scientists) with the

intent to form metastable diamond on the surface. Both routes have led to

the commercial production of diamond practiced today. The former has

become the dominant way of making diamond grits; and the latter, diamond
films.

The success of making diamond commercially depends on the finding of

a right catalyst for the synthesis. In the case of high-pressure synthesis, the

catalyst is a molten metal that also acts as a carbon solvent (e.g., iron, cobalt,

nickel, or their alloys). The molten metal can dissolve and disintegrate

graphite into solute atoms or suspended clusters. The catalytic action can

then convert these atoms and clusters into diamond (Sung & Tai 1997a). If

these catalysts are not used, graphite could also be converted directly into

diamond (Sung & Tai 1997b), however, the kinetics of such conversion is
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extremely slow so the pressure becomes too high for any practical

application (Sung et al 1996).

On the other hand, the metastable growth of diamond can be accelerated

by using hydrogen atoms as catalyst (Sung & Tai 1995). The hydrogen

atoms can stabilize the sp 3 bonds of carbon atom and convert sp 2 bonds, if

formed, to sp 3.

If graphite is brought in contact with molten metal of iron group at low

pressure (below one atmosphere), diamond cannot be formed. On the

contrary, diamond will be rapidly graphitized. This is why diamond

superabrasive, although extremely effective in cutting almost every material,

is powerless to machine steel at high temperature. However, if hydrogen

atoms are present in the molten iron, not only diamond is no longer back

converted to graphite, but also the reverse process may take place. In other

words, graphite may convert to diamond under the influence of hydrogen

atoms even at ambient pressure. It would appear that hydrogen atoms can

catalyze diamond formation in liquid phase just as in gas phase.

There are two schools of thought as why diamond can be formed molten

metal at low pressure. Most believe that diamond, although in contact with

metal, is actually deposited from gas phase. Hence, molten metal only

serves the role as a substrate. Indeed, experiments demonstrated that if the

gas did not contain methane, diamond did not seem to form (Chung & Sung,

2001). Thus, diamond appears to derived from decomposed methane rather

than from dissolved graphite.

However, there are evidences that hydrogen atoms do permeate through

molten metal. Many metals (e.g., Cu, Ag) that do not dissolve carbon or

hydrogen can incorporate atoms of both kinds in substantial quantities (e.g.,

more than one tenth of the metal atoms). As a result, the melting point is

greatly (e.g., more than 100 °C) suppressed below the ordinary eutectic

point. There are also indications that diamond could be formed inside

molten metal. If this is indeed the case, hydrogen atoms may play a vital

role. It was proposed that small atoms of carbon and hydrogen form

networks inside the voids of large atoms of molten metal. Such networks

may stabilize carbon atoms in sp 3 bonding, and hence diamond formation

(Sung & Tai 1995).

It is the objective of this research to compare the rates of diamond

formation via these two competing mechanisms. Moreover, the

effectiveness of synthesizing diamond in various binary systems is assessed.
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Experimental

This research was conducted in an atmosphere controlled by hot

filament chemical vapor deposition (HFCSD). A sketch of the reactor is

shown in Figure 1. The hot filament was used to decompose gas as well as

heating the sample.
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Fig. 1. The schematic representation of the HFCVD reactor.

The samples were prepared according to various combinations of binary
metals as shown in Table 1.

Table 1" Binary Composition of Samples

System Ratio

Cu-Mn 60:40, 70:30, 80:20

Cu-Ni 10:90, 50:50, 90:10

Cu-Pd 10:90, 50:50, 90:10

Mn-Pd 18:82, 32:68, 42:58

Mn-Ni 68:32, 58:42, 48:52

Ni-Pd 30:70, 40:60, 50:50

NASA/CP--2001-210948 308 August 6, 2001



Microns sized powders of pure metal and graphite were intimately

mixed by hand. Each five gram mixture contains 2 wt% of graphite. 0.5-

gram samples were pressed to form pallets of about 10 mm in size and 1 mm

in thickness. The pallets were then placed in the holder made of graphite

that was latter set on the substrate stage. The reactor was evacuated to a

pressure of about 20 torts. Hydrogen gas with or without 1% methane was

added to the chamber at a flow rate of 300 sccm. The filament was then

heated to about 2200 °C. Each experiment lasted about 3 hours before the

power was cut off.

Results and Discussions

Some of the above experiments yielded diamond of various amounts. It

would appear that the type of the alloy (not the composition) is the dominant

factor in determining the outcome of diamond output. Figure 2 shows the

representative results from these experiments.

60Cu-40Mn 80Cu-20Mn+G

:.i.'.':?,:'::i:'":.-.'.'." "" " : i::::"" :_:!:i::"" ::i:i:i:
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Fig. 2: SEM micrographs of diamond formed in various binary alloys.

Based on the above SEM micrographs, it would appear that diamond

crystals had nucleated inside the molten alloys. Many crystals wrapped

inside are several microns in size and they tend to show euhedral crystal

shape. The appearance shows that diamond was formed in liquid phase.

Moreover, if methane was added to hydrogen atmosphere, smaller diamond

crystals (many are submicron in size) could form. But these secondary

crystals were exposed outside the molten metal. Such an occurrence

indicates that they were precipitated out of gas, similar to the CVD growth

of diamond. The exposed diamond was also the dominant occurrence for

liquid phase synthesized diamond reported in literature. Thus, this research

proves that diamond can be nucleated and grown inside molten metal at

partial vacuum.

The amount of diamond formed also suggests that the ability for the

molten alloy to nucleate and grow diamond increases in the order of Mn, Ni,

Cu, and Pd. Both Mn and Ni are powerful catalysts for synthesizing

diamond under high pressure (Sung & Tai. 1997a). On the other hand, Cu is

well known for its inability to react with carbon. It does not dissolve carbon,

nor catalyze it to form diamond. It seems that the ranking of catalytic power

for molten metals is just in a reverse order between diamond synthesized

under high pressure and at low pressure.
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Moreover, although Pd is also a catalyst for high-pressure synthesis, it is

a less powerful one. However, it becomes the most effective catalyst for

low-pressure diamond synthesis.

The above seemingly puzzling observations are all anticipated by the

crystal chemical model proposed by James C. Sung. According to this

model, the catalytic power of a molten metal is determined by its atomic size

and the electronic configuration (Sung & Tai 1997a). The atomic size must

be such that it is as close to the distance (2.46 A) between every other

carbon atom on a graphite basal plane. The electronic configuration must be

such that it contains as close to half filled d-orbitals as possible (Fig. 3).

(a)

b

i
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Fig. 3: Direct puckering of graphite into diamond. An effective catalyst has the right

atomic size (large circles) to match every other carbon atom (small circle) on the basal

plane (0001) of graphite (top diagram).Its atoms can also strongly interact with the

matching carbon atoms. The interaction will pull half of the carbon atoms (lightly dotted)

away from the basal plane of graphite and toward the metal atoms. The result is chain

movement that may pucker graphite structure into diamond's (lower diagram).The power

of a catalyst is manifested in the thickness of a graphite flake that it can pucker into a

diamond nucleus. The middle diagram illustrates the catalytic conversion (all black atoms

moving upward and white ones, downward) of rhombohedral graphite (3R or ABC type)

into a cubic diamond. The lower diagram show a similar catalytic conversion (all white

atoms moving upward and black ones, downward) of a hexagonal graphite (2H or ABA

type or it derivative AAA type) into Ionsdaleite (hexagonal diamond).
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Based on this model, it was predicted that the most powerful catalysts

for high-pressure synthesis of diamond are in the decreasing order of Co, Fe,

Mn, Ni, Cr. This prediction matches well with empirical experience as these

five transition metals are indeed the most used catalysts for industrial

synthesis of diamond (about 350 ton a year) under pressure.

According to this crystal chemical model, Cu cannot catalyze the

diamond formation as its atoms lack any vacancy in d-orbitals, the essential

requirement for attracting the valence electron of carbon atoms. This is

exactly observed in the industry that Cu has no ability to make any diamond

under high pressure.

The crystal chemical model is also applicable for low-pressure synthesis

of diamond under the atmosphere of hydrogen. In this case, the atomic size

is applicable as the container for carbon and hydrogen solutes. However, the

electronic configuration is less important because the dissolved hydrogen

atoms will provide the electron for attracting carbon atoms (Figure 4).

O C _.IOD: 2,1 air OCl_lJ'_;iI0]. 511(:

O M Ot,',:, i3._ :, ,:':ralu';;Tal ai:_

Fig. 4: Dissolved C-H4 cluster in a liquid metal. Each unit cell contains four metal

atoms, four octahedral sites that share an edge, and eight tetrahedral sites that share a

comer. Each octahedral site is surrounded by eight tetrahedral sites, and each tetrahedral

sites is surrounded by four tetrahedral sites, all share a face. Out of the four octahedral

sites of each unit cell, one is occupied by the C atom. Out of the eight tetrahedral sites

that surround this C-occupied octahedral site, four are occupied by hydrogen atoms that

every other site. As a result, the stoichiometry of the composite is M4CH4. In such an

arrangement, each C atom is surrounded by four hydrogen atoms that are separated by

metal atoms. In other words ,the structure may be view as containing interstitially
dissolved C-H4 cluster in void of the metal frame work.
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Based on this model, it was predicted that the catalytic power of the four

metals we experimented would decrease in the order of Cu, Ni, Mn, Pd

(Sung & Tai 1995). However, the above reference states "The ranking of

metal solvents as discussed assume that hydrogen molecules in the

atmosphere can be readily dissociated to form hydrogen atoms on the

surface of the molten metal. But, if the dissociation of hydrogen molecules

becomes the rate-limiting step for the dissociation of hydrogen atoms in the

metal, then the ranking of metal solvents may be different. For example, it

is known that Pd is particularly effective in dissociating hydrogen molecules

and incorporating the dissociated hydrogen atoms into its voids. In 1995,

the author (Sung 1995) proposed coating a proper metal solvent with Pd for

the growth of metastalbe diamond in liquid phase. It was hoped that the

dissociated hydrogen atoms could diffuse through Pd to the metal solvent to

help catalyze the diamond formation. This idea was proven effective by the

experiment performed by C. C. Hong in his 1996 master thesis at Chin Hwa

University of Taiwan, R.O.C. entitled: Liquid phase synthesis of diamond in

microwave plasma."

Thus, it would appear that it was Pd, the powerful hydrogen getter, that

made diamond much faster than any other metal studied in this research, and

hence the catalytic power for the diamond synthesis at low pressure under

hydrogen atmosphere decreases in the predicted order of Pd, Cu, Ni, Mn, the

exact ranking sequence observed in this research.

Conclusion

Diamond formed by molten alloy at low pressure under hydrogen

atmosphere can proceed in two competing routes: via thermal decomposition

of hydrocarbons gas (e.g., methane), and via dissolution of carbon solids

(e.g., graphite). In the latter case, the rate-limiting step is the diffusion of

hydrogen atoms to fill the tetrahedral voids in the molten metal. If the latter

becomes a bottleneck, naked diamond crystals will form on the surface of

metal droplets. On the other hand, if hydrogen atoms can permeate the melt

rapidly, unexposed diamond crystals will form inside the molten metal.

The two mechanisms are competing in the experiments of the current

research. For Pd and Cu alloys, the permeating of hydrogen atoms are fast,

hence diamond crystals formed inside the molten metal are much larger than

those exposed outside. For Mn and Ni alloys, their catalytic powers are

lower than Pd and Cu, hence, submerged diamond crystals are scarce or
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entirely lacking, leaving only sporadic exposed diamond crystals deposited

by CVD.

The above observations agrees well with the crystal chemical model

proposed by James Sung (Sung & Tai 1995) that the catalytic power of

metals used for this research will decrease in the order of Pd, Cu, Ni, Mn.
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ABSTRACT

The fabrication of diamond micropatterns by ECR oxygen plasma with a metal naphthenate mask has been

investigated using electron beam lithography technology. The use of metal naphthenates as mask materials with

resistance to oxygen plasma in order to form an oxide film on the surface was proposed. The exposure characteristics

of metal naphthenates and the etching characteristics of chemical vapor deposited (CVD) diamond and metal

naphthenate films processed with electron cyclotron resonance (ECR) oxygen plasma were investigated.

Furthermore, the crystal structure of diamond micropatterns fabricated by this process was evaluated using Raman

spectroscopy. It was found that the etching resistance of Yttrium (Y), barium (Ba) and copper (Cu) naphthenates

respectively is low to oxygen plasma. Therefore, the resistant mask material which forms a compound oxide was

prepared by mixing the metal naphthenates with a Y:Ba:Cu molar ratio of 1:2:3. It was found that the metal

naphthenates exhibited negative exposure characteristics upon electron beam irradiation. The sensitivity and the

gamma value were 2.4 x 10 -3 C/cm 2 and 1.6, respectively. The maximum etching selectivity (CVD

diamond/YBa2Cu307 naphthenate) of 10 was obtained under the ECR oxygen plasma etching conditions of a

microwave power of 300 W and oxygen gas flow rate of 3 sccm. The diamond micropatterns were fabricated under

the optimum electron dose of 6.6x 10 -3 C/cm 2 and plasma etching conditions (microwave power: 300 W, gas flow

rate: 3 sccm) of high etching selectivity. The CVD diamond micropatterns of 1 _m-line, 0.5 _m-line and 0.5 _m-

comb, which have a height of 1.2 _m for the etching time of 1 hour were fabricated. The crystal structure of the

diamonds after etching and the micropatterns fabricated by this process remained constant; Raman spectra indicated

only the presence of a diamond peak at 1333 cm -1.

Keywords: diamond micropattern, metal naphthenate, ECR oxygen plasma, electron beam lithography

INTRODUCTION

The many unique properties of diamond, such as a wide band gap of 5.5 eV, high hardness, high thermal

conductivity, low thermal expansion, negative electron affinity (NEA) on a hydrogenated diamond surface and

chemical inertness (resistivity against acids, heat and radiation), make it a promising material for mechanical,

electronic and optical applications. The micropatterning technique of diamonds is essential to the fabrication of

many electronic and optical devices, and micro-gear and motor made of diamond using micromachines. Therefore,

electron cyclotron resonance (ECR) oxygen plasma etching of chemical-vapor-deposited (CVD) diamond films has

been investigated. We found that ultra fine processing of CVD diamond films is possible with ECR oxygen plasma

(ref. 1). In order to apply this etching technique for diamond-based devices, the micropatterning of CVD diamond

films using electron beam lithography technology was investigated. In this case, the most important point in the

formation of micropatterns is the mask resist materials. In general, resist materials [polymethyl methacrylate

(PMMA)] used in the fabrication of semiconductor devices are decomposed to carbon monoxide (CO) and hydrogen

monoxide (HO) on exposure to oxygen plasma, indicating that they are composed of carbon, hydrogen and oxygen.

Consequently, the use of metal naphthenates as mask resist materials with resistance to oxygen plasma in order to

form an oxide film on the surface was proposed (ref. 2). In this paper, we report the exposure characteristics of metal

naphthenates and the etching characteristics of CVD diamond and metal naphthenate films processed with ECR

oxygen plasma. Furthermore, the crystal structure of CVD diamond micropatterns fabricated by this process was

evaluated using Raman spectroscopy.
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EXPERIMENTAL APPARATUS AND PROCEDURE

ECR oxygen plasma etching of CVD diamond and metal naphthenate films

Polished polycrystalline diamond films 12 _m thick (arithmetical mean deviation of profile Ra: 10 nm) and metal

naphthenate films approximately 1 _m thick on silicon wafers (10x 10x0.5 mm 3) were used as samples. The

polycrystalline diamond films were synthesized by the hot filament CVD method on silicon-crystal sub strates (10 x 10

x5 mm 3) using a gas mixture of methane and hydrogen gases. Typical deposition parameters used to grow CVD

diamond films were as follows; filament temperature: 2150 °C, substrate temperature: 850 °C, filament-substrate

distance: 10 mm, CH4 flow rate: 5 sccm and H2 flow rate: 1000 sccm.

Metal naphthenates consist of cyclopentanes or cyclohexanes, methylene chains -(CH2)n-, -COO- and metals,

which have mainly following structure: [(cyclopentane)-(CH2)n-COO]-m - M m+, where M is metal atom (ref. 3).

Yttrium (Y), barium (Ba) and copper (Cu) naphthenates (Nihon Kagaku Sangyo Co., Ltd.) were used as mask

materials. They were sticky liquids at room temperature and stable in air. The silicon wafers were spin-coated with

the metal naphthenates at 2500 rpm for 10 s and then dried in air at 110 °C for 15 min to form metal naphthenate

films. The resulting film thickness of the metal naphthenates was approximately 1 _m. These samples were

processed using a plasma (Advanced Film Technology Inc. AFTEX PS-501) etching apparatus with an ECR-type

oxygen source, as shown schematically in figure 1.
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Figure 1. Schematic diagram of the plasma etching apparatus with an ECR-type oxygen source.

As shown in figure 1, the samples were fixed on a molybdenum holder positioned approximately 5 cm from the

plasma chamber outlet. The molybdenum holder was equipped with a thermocouple and a bias voltage electrode.

Etching steps were made in CVD diamond and metal naphthenate film surfaces by striping a silver paste mask and an

aluminum plate, respectively. Then, step heights were measured using a diamond stylus surface profilometer (Tencor

Instruments ALPHA STEP 200).

Fabrication of diamond micropatterns

Figure 2 shows the micropatterning process of CVD diamond films. The diamond/Si substrates were first spin-

coated with the metal naphthenates at 2500 rpm for 10 s and then dried in air at 110 °C for 15 min. An electron beam

drawing system was manufactured in-house by modifying a conventional scanning electron microscope (SEM)

(TOPCON DS-130S) (ref. 4). An electron beam was scanned on the metal naphthenate films according to patterns

entered in the computer. Metal naphthenate micropatterns were developed by the removing the unirradiated area with

toluene. The samples were processed with an ECR oxygen plasma under etching conditions of high etching

selectivity. Finally, the mask micropatterns of the metal naphthenates remaining on the diamond films were removed

with phosphoric acid at 80 °C. In contrast to the micropatterning process using lift-off method (ref. 5), this one has

certain advantages including few residue and simple process because it is not necessary that the film (aluminum) is

deposited over the resist and the substrate.
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Figure 2. Micropatterning process of CVD diamond films.

EXPERIMENTAL RESULTS AND DISCUSSION

Exposure characteristics of metal naphthenates
In order to obtain the optimum electron beam drawing conditions, the dependence of the remaining film

thickness of metal naphthenates on the electron dose after development, as shown in figure 3, was investigated. The
remaining thickness is normalized with the thickness of the spin-coated film being equal to 1. As shown in figure 3,
the metal naphthenates exhibited negative exposure characteristics. The sensitivity and the gamma values of metal
naphthenates were 2.4x 10 -3 C/cm 2 and 1.6, respectively. The sensitivity is ten times lower than that of PMMA resist

and higher than that of electron-beam-induced CVD (ref. 6). The optimum drawing conditions to form micropatterns,
based on these results, were a spot size and probe current of the electron beam of 10 nm and 150 pA, respectively.
The electron dose was typically set to be 6.6x 10 -3 C/cm 2.
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Figure 3. Dependence of the remaining film thickness of metal naphthenates
on the electron dose after development.
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ECR oxygen plasma etching characteristics of CVD diamond and metal naphthenate films

In order to fabricate diamond micropatterns under etching conditions that give high etching selectivity, the

dependence of the plasma etching rates of CVD diamond and metal naphthenate films on the oxygen gas flow rate

was investigated, as shown in figure 4. At an oxygen gas flow rate up to a limit of 10 sccm, the etching rate of CVD

diamond films first increased with increasing gas flow rate and reached maximum rate at 3 sccm, then decreased

gradually with increasing gas flow rate. In the low-gas-flow-rate and high-gas-flow-rate regions, the etching rate

decreases because of the lack of oxygen gas reaching the film surface and the reduction in the amount of reactive

species reaching the film surface, respectively (ref. 7). The etching rate of Y, Ba and Cu naphthenates films first

increased with increasing gas flow rate and reached maximum rate at 3, 3 and 7 sccm respectively, then decreased

gradually with increasing gas flow rate. It was found that the etching resistance of Y, Ba and Cu naphthenates

respectively is low to oxygen plasma. Therefore, the resistant mask material which forms a compound oxide was

prepared by mixing the metal naphthenates with a Y:Ba:Cu molar ratio of 1:2:3. The etching rate of YBa2Cu307

naphthenate films first increased with increasing gas flow rate and reached maximum rate at 7 sccm respectively,

then decreased gradually with increasing gas flow rate. We believe that the YBa2Cu307 naphthenate as mask material

has resistance to oxygen plasma in order to form oxide film on the surface. Figure 5 shows SEM micrographs of the

mask micropatterns of Y, Ba, Cu and YBa2Cu307 naphthenates before and after ECR oxygen plasma etching

(microwave power: 300W, oxygen gas flow rate: 3sccm, etching time: lh). From figures 5 (a) and (b), it can be seen

that Y and Ba naphthenates were not able to fabricate fine mask patterns, and then they broke after ECR oxygen

plasma. From figure 5 (c), it can be seen that Cu naphthenate was able to fabricate fine mask patterns, but that has

low etching resistance. Therefore, YBa2Cu307 naphthenate used as the mask material because it was able to fabricate

fine mask patterns as shown in figure 5 (d), and then has high etching resistance as shown in figure 4.

The dependence of the etching selectivity (CVD diamond film/YBa2Cu307 naphthenate film) on the oxygen gas

flow rate is shown in figure 6. A maximum etching selectivity of 10 was obtained under the plasma etching

conditions of a microwave power of 300 W and oxygen gas flow rate of 3 sccm.
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Figure 4. Dependence of the plasma etching rates of

CVD diamond and metal naphthenate films on the
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Figure 6. Dependence of etching selectivity (CVD

diamond film/YBa2Cu307 naphthenate film) on the

oxygen gas flow rate. (microwave power: 300)

Fabrication of diamond micropatterns

The micropatterns of CVD diamond films were fabricated under the optimum electron dose of 6.6x10 -3 C/cm 2 and

etching conditions (microwave power: 300W, oxygen gas flow rate: 3 sccm) of high etching selectivity. The SEM

micrographs of the resulting CVD diamond micropatterns of (a) 1 _m-line, (b) 0.5 _m-line and (c) 0.5 _m-comb,

which have a height of 1.2 _m for the etching time of 1 hour, are shown in figure 7.
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Figure 5. SEM micrographs of the mask micropatterns of metal naphthenates before and after ECR oxygen

plasma etching (microwave power: 300W, oxygen gas flow rate: 3sccm, etching time: lh).
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Figure 7. SEM micrographs of the resulting CVD diamond micropatterns of (a) lttm-line, (b) 0.Sttm-line and

(c) 0.Spin-comb (microwave power: 300W, oxygen gas flow rate: 3sccm, etching time: lh).
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Ramanspectroscopywasperformedusinganargonlaser(514.5nm)primarybeamtoexaminethecrystalstructure
of theCVDdiamondmicropatternsfabricatedbythisprocess,aswellasthefilmsbeforeandafterECRoxygen
plasmaetching.Ramanshiftsweremeasuredoverarangeof500-2000cm-1atroomtemperature.Figure8showsthe
RamanspectraoftheCVDdiamondfilms(a)beforeand(b)afteretching(microwavepower:300W,oxygengas
flowrate:3sccm,substratetemperature:100°C,etchingtime:1h),andtheresultingmicropatterns(c)1_m-line,
(d)0.5_m-lineand(e)0.5_m-comb.Fromfigure8,it canbeseenthattheRamanspectraindicateonlyadiamond
(sp3bonding)peakat1333cm-1.ThereforethecrystalstructureoftheCVDdiamondfilmisnotchangedafter
etchingandtheresultingmicropatterns.

CVD diamond film
Microwave power: 300W
Gas flow rate: 3sccm 520(Si)

_ 1333(diamond) j

(C -- "

t_

c (d_

-- (e_

2000 1500 1000 500

Raman shift (cm -1)

Figure 8. Raman spectra of the CVD diamond films (a) before and (b) after etching (microwave power: 300W,

oxygen gas flow rate: 3 sccm, substrate temperature: 100 °C, etching time: 1 h), and the resulting

micropatterns of (c) 1 pro-line, (d) 0.5 pro-line and (e) 0.5 pro-comb.

CONCLUSIONS

The fabrication of diamond micropatterns by ECR oxygen plasma with a metal naphthenate mask was

investigated. It was found that the etching resistance of elemental Y, Ba and Cu naphthenates respectively is low to

oxygen plasma. The use of YBa2Cu307 naphthenates prepared by mixing with a Y:Ba:Cu molar ratio of 1:2:3 as

mask resist materials with resistance to oxygen plasma in order to form an oxide film on the surface was proposed.

The CVD diamond micropatterns of 1 _m-line, 0.5 _m-line and 0.5 _m-comb, which have a height of 1.2 _m for the

etching time of 1 hour were fabricated. This technique is expected to enable applications for diamond-based devices.
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ABSTRACT

Growth orientation of diamond crystals and the a parameters for different growth conditions in a 60 kW 915

MHz CVD system have been investigated in order to control morphology of diamond fihns of 152 mm in diameter.

The contour of the c_parameter for the 60 kW system on the graphical plane of the substrate temperature and the CH4

concentration shifts to the higher substrate temperature or the lower CH4 concentration as compared with the results

of the conventional CVD systems. It was also found that the parameter range of diamond growth by the 60 kW

reactor is broader than that of the conventional CVD systems. Furthermore, <100> oriented diamond grains with

pyramid shape were successfully grown almost uniformly on the entire surface ofa 152 mm Si substrate by choosing

an appropriate process condition, which was identified in this study.

Keywords: diamond growth, a parameter, morphology, 60 kW, scale up

INTRODUCTION

Diamond possesses unrivalled semiconductor properties such as wide bandgap, high carrier transport speed,

high breakdown feld, and high thermal conductivity, coupled with high optical transparency and chemical stability.

It is projected that this material will be utilized for various components including robust electronic devices and

packaging for the coming generation (ref. 1). Since chemical vapor deposition (CVD) processes and apparatus of

diamond films were established approximately two decades ago by a Japanese group (ref. 2), many studies have been

carried out to understand the material properties and prove its potential for practical applications. Unfortunately,

most of the R&D efforts were limited in laboratory scale despite the fact that they are primarily motivated by

industrial applications, and less emphasis was placed on scale up technologies. Many issues, including scale up, cost

reduction, reproducibility, etc., have been left unresolved in the individual eflbrts.

Irrespective of specific applications of CVD diamond films, large size, production type CVD apparatus is

necessary to upgrade the present CVD technology. Several efforts have already been made to develop diamond CVD

apparatus and processes for high deposition rate and large area coverage. For instance, 76 mm silicon (Si) wafers

were unitbrmly covered by polycrystalline diamond films though its growth rate was as small as 0.5 _tm/h (ref. 3).

On the other hand, at an increased rate of-5 _tm/h, high quality diamond films of 0.1-1.2 mm thickness were grown

on a wafer of 57 rmn in diameter using a CVD reactor equipped with a 5 kW microwave source (ref. 4). Schelz and

co-workers compared 915 MHz microwave with conventionally used 2.45 GHz, in an attempt to deposit diamond

films on large size substrates. They concluded that diamond films with similar quality can be synthesized as long as

the power density of the plasma is similar (ref. 5). Regarding the large scale apparatus, Sevillano and Williams

successfully constructed a large microwave CVD reactor using 915 MHz microwave to enlarge coating area (ref. 6).

* CoFesponding author: YoshNko Yokota, E-mail:yo-yokota@rd.kcrl.kobelco.co.jp, Fax:+81-6-68794147, Phone:

+81-6-68794146.

aPresentaddress:Electronics Research Labor_ory, Kobe Steel, Ltd.,l-5-5, Yak_sukadai, Nishi-ku, Kobe, Hyogo

651-2271,Japan.
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Koidl and co-workers, sharing similar awareness of the present issue, developed a reactor of unique design and
demonstrated diamond films on Si wafers of 100 mm in diameter (ref. 7).

In the present study, the 915 MHz microwave plasma CVD was employed to develop basic CVD process
technologies for high purity and high quality diamond films including nucleation and growth orientation control,
elimination of impurity and residual stress, and cost analyses and minimization. Numerous data accumulated so far

by using lower power (-1.5 kW) microwave plasma CVD was a good guide to explore process conditions in the
large reactor, while it was also of our interest to investigate whether larger scale plasma could produce high quality
diamond fill at high rate.

Some preliminary investigations have been already reported (ref. 8). The present paper focuses on the growth
orientation of diamond crystals and the _ parameter under various growth conditions using the 60 kW 915 MHz
CVD system.

EXPERIMENTAL

An overmoded microwave plasma CVD reactor equipped with a 60 kW power supply (ASTeX/Seki Technotron)
was used to explore process conditions for diamond growth. The apparatus and its operation procedure were
described in ref. 8 in detail.

The substrates were silicon wafers of 25, 51, and 152 mm in diameter. The 25 and 51 mm substrates were
singlecrystalline, while the 152 mm substrates were polycrystalline, chosen by considering their availability and for
comparison. The source gas was 1200-5000 sccm of H2, 4-200 sccm of CH4. The gas pressure Pr was 11.3-17.7 kPa
(85-133 Tort). The microwave input power Pw was 15-60 kW. The substrate temperature T_, a dependent parameter,

was ranged from 950-1370 K (680-1100 °C) as measured by a two-wavelength optical pyrometer.
The morphology was observed using a scanning electron microscope. The a parameter was calculated by

comparing the facet shapes of an isolated diamond particle before and after the growth. The growth orientation was
determined by means of X-ray diffraction. The quality of diamond films was evaluated with Raman spectroscopy
using Ar laser operated at 514.5 nm.

RESULTS AND DISCUSSION

Figure la-c show dependence of the growth rate Rg and the Raman signal width WR on the gas pressure Pr (la),
the microwave input power Pw (lb), and the substrate temperature 7_,(lc), respectively. The flow rates of hydrogen
and methane were fixed as 2000 sccm and 100 sccm, respectively. As seen in fig. la and lb, when neither Pw nor Pr

is fixed both R_,and WR shows no dependence. While, it is obvious in fig. Ic that both R_, and WR increase as T,
increases. Substrate temperature seems to be the most influential parameter. As a matter of fiact, T_is a function of
Pw and Pr. Substrate temperature thus reflects the energy density of the plasma.

When Pw and Pr is 60 kW and 16.7 kPa (125 Tort), corresponding T_ is 1320 K (1050 °C), Rg and WI_were 7
gm/h and 11 cm 4, respectively. In this case, the conversion efficiency from CH4 to diamond on a 152 mm substrate
exceeds 10 %, calculated by the mass increase of the substrate. It is two orders of magnitude higher than that
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Figure 1. Dependence of growth rate Rg (square) and Raman signal width WR (full width at half
maximum; circle) of diamond on the gas pressure Pr (a), the microwave input power Pw (b), and the

substrate temperature T_ (c).
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Figure 2. Gray areas show <Ill> and <100> oriented domains determined by X-ray diffraction. Dotted
lines show ct parameter 1.5 and 3. The typical film morphologies observed by SEM are also shown. The

rhombus points indicate the experimental points.

obtained by an ASTeX 1.5 kW system.
it might appear that given the methane concentration C,, and T,, the domains for different film morphologies

would be similar to those of small (i.e., 1.5 kW) reactors (fig. 2). It was however found that the domains of <100>
and <111> oriented growth in the Cm-T,.plane are totally reversed between the 60 kW and small reactors (ref. 2). In

small reactors, <111> oriented domain occupies higher temperature regions than the <100> domain. It is not certain
at the present stage how the crossover of the domain takes place as the gas pressure is increased from about 4.0 kPa
(30 Tort) for small reactors to 13.3 kPa (100 Torr) for the 60 kW reactor.

it is also of interest that the films possess unique morphologies. For the <100> oriented film (fig. 2a), the
corners surrounded by { 111} faces, like a pyramid, are sticking out of the film surface. On the other hand, for the
<111> oriented film (fig. 2b and 2c), the majority of the diamond faces is {111} that seem to be mutually twinned.

The c_parameters were evaluated from the change in the isolated crystal shape with time, and the approximate

curves for c_ 1.5 and 3 are shown in fig. 2. Compared with the results ofref. 1, it is seen that the curves are shifted

toward the higher temperature side. Further, there was indication that when c_> 3, <111> oriented diamond films
were grown, which is in contradiction to the conventional result that the orientation is <100>.

Based on the results, growth orientation and film morphology were manipulated. For example, when the
condition range was CHa/(CH4+H2) 2 %, 60 kW microwave input, 14.0-17.7 kPa (105-133 Tort), and 1170-1280
K (900-1010 °C), the grown diamond grains have a pyramid shape surface and a <100> orientation almost uniformly
on the entire surface of 152 mm substrates (fig. 3). The surface appears like as a black velvet by the naked eye;
lusterless to the normal direction to the substrate, but glossy to the oblique angle. That is originated to that the facets
have almost the same angle -54.7 ° to the substrate plane. The used 152 mm substrates were polycrystalline so that
the orientation behavior is independent of substrate.
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Figure 3. Photograph of the <100> oriented diamond film on a 6 inch diameter substrate (a), and SEM
images at the center (b), the intermediate (c), and the edge.

CONCLUSION

In order to control of morphology of large area diamond films, diamond deposition using the 60 kW microwave

plasma CVD system and characterization with SEM, XRD, and Raman have been carried out. The 60 kW CVD

system shows the growth rate of 7 gm/h and the conversion efficiency of excess 10 % from CH4 to diamond. The

contour of the a parameter shifts toward the higher substrate temperature and the lower CH4 concentration as

compared with the results of the smaller CVD systems.

It was also found that the parameter range of diamond growth by the 60 kW reactor is broader than that of the

conventional CVD systems. Furthermore, <100> oriented diamond grains with pyramid shape were successfully

grown almost uniformly on the entire surface ofa 152 mm Si substrate by choosing an appropriate process condition.
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ABSTRACT

Active research is in progress on polycrystalline diamond coating (DC) deposition on substrates from various

materials by the CVD method at NSC KIPT Kharkov, Ukraine. For activation of working gas stabilised by a mag-

netic field, a glow discharge has been used. The characteristics of this type of discharge correspond to the "normal"

glow discharge with a current density greater than 1 A/cm 2. The current channel rotates in a crossed magnetic field

that allows one to carry out the DC deposition over large areas. The experiments were performed on the laboratory

set-up at an input power of about 5 kW, the DC growth rate at this power achieved 3 gm/h on a diameter of about 5

cm. That makes the set-up comparable with the best world results for installations with the same power level. The

mixture of hydrogen and methane was used as a working gas. To remove impurities from hydrogen, a metal-hydride

hydrogen generator was used. According to the experimental dependence discovered by Angus, the set-up produc-

tivity increases with the electrical power put into the discharge, this being true for different types of DC installa-

tions. In this case, it is possible to predict that at a power of 50 kW the productivity of the set-up under study will be

about 1 g/h. This is competitive with the best existing MW and arc plasma torch set-ups with a power level of about
200...300 kW.

Keywords: diamond coatings, glow discharge, high-efficiency set-up, deposition parameters, coating properties.

INTRODUCTION

By now considerable progress has been made in the field of polycrystalline diamond coating (DC) synthesis by

the CVD method. The investigations have demonstrated a wide applicability of synthesized DC in various fields of

science and engineering. There is a general understanding of processes of DC deposition, but a wide commercial

introduction of this technology is impeded by its relatively high cost. To reduce the DC cost, a highly productive

equipment should be developed to provide DC deposition over large areas with a high energy effectiveness (i. e.,

with minimum power inputs for DC quantity production) and with a low cost of facilities.

The analysis carried out by J. Angus, CWRU (ref. 1) has shown that the productivity of equipment and its en-

ergy effectiveness rise with an increasing electrical power put into the discharge for any type of working gas activa-

tion. At the same time, the set-up productivity increases with the power increasing proportionally (to the power

1.5). This reduces the influence of the electrical equipment cost on the DC net cost as the production capacity grows.

For working gas activation in the DC synthesis, different types of gas discharge are generally used. The MW

discharge providing a high-quality DC on rather large areas at a relatively high DC growth rate has gained the wid-

est acceptance. The main disadvantage of this method is a high cost of MW elements and a low resource of their

work. Another method of working gas activation is the arc discharge that allows a rather high power to be put into a

small volume, thereby providing a high efficiency of the process at a low cost of energy equipment. However, the

essential disadvantages of the arc discharge technique is the difficulty of DC deposition over large areas and the DC

contamination by a significant amount of metal impurities resulting from the cathode erosion.

There is also a " hot filament" method of DC deposition. The given method permits DC deposition over large

areas. Its main disadvantage is a low power put into the discharge unit volume. For this reason, the hot filament

method fails to provide high efficiency of DC deposition per energy unit applied.

At NSC KIPT Kharkov, Ukraine, the method of DC synthesis with the help of glow discharge stabilised by a

magnetic field was successfully put to an evaluation test (refs. 2 to 5, 10). It was shown that with this method one
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canattainthespecificpower,putintothedischarge,comparablewiththearcdischargeataminimumamountof
impuritiesincomingfromthecathode.Besides,thisdischargemakespossibletheDCdepositiononlargeareas.

TheobjectiveofthiscommunicationhasbeentoacquainttheexpertsengagedintheDCsynthesiswithspecial
featuresandprospectsofapplicationoftheglowdischargestabilisedbyamagneticfieldforDCsynthesisinpro-
ductionquantities.

EXPERIMENTALRESULTS

Theinvestigationswerecarriedoutontheexperimentalset-up,theschematicofwhichisgiveninFig.1.The
peculiarityof thisset-upis thepresenceofthering-shapedanode,insidewhichthesubstrateholdermoves.The
glowdischargeisignitedacrossthemagneticfieldbetweenthecathodeandtheanode.UndertheactionoftheLo-
renzforcethecurrentchannelrotatesandactivatestheworkinggasinagreatvolume,thisprovidestheDCsynthe-
sisovera largearea.Theworkinggaspressurerangedbetween50and300Torr;hydrogenanditsmixturewith
methane(upto3 %)wereusedasaworkinggas.Themagneticfieldintensitywasabout200mT; thesubstrate
holderdiameterwas5cm,themaximalpowerenteredintothedischargedidnotexceed7kW.

\

4 / 3 /

Figure. 1. The scheme of the experimental set-up: 1-cathode; 2-anode;

3-annular magnet; 4-substrate holder; 5- current channel.

The current-voltage characteristics of the glow discharge stabilised by the magnetic field are given in Fig. 2. It is

seen from the figure that at the given working gas pressure the voltage Vp between the anode and the cathode does

not depend on the current value I, i.e., by the existing terminology, the "normal" glow discharge is observed. The

distinctive feature of this discharge should be a constancy of current density j, so the increase in the current value

occurs due to the growth of the current channel area.

For power supply of the set-up we have used a three-phase rectifier without special filters to smooth the ripple.

Therefore, pulsation in the voltage and discharge current, intricate in shape (non-sinusoidal), with a basic frequency

ff
of about 300 Hz, was observed. The voltage pulsation is about __ _ 2%, and the current ripple achieves

U

_< 30%. As it has been shown in reference 3, in the /_ I__ << discharges all current fluctuations go with the

I U I

current density held the same due to the current channel variation.

The dependence of current and voltage values in the discharge on pressure is shown in Fig. 3. The power supply

allowed the current adjustment over wide limits. Fig. 3 shows the minimal and maximal current values together with

the corresponding voltage values. It can be seen that with an increase in the working gas pressure P the currents

linearly decrease, while the voltage linearly increases. If we introduce the following notation: j - average current

density in the current channel cross-section, S - current channel area, tJ - average conductivity, and E - electrical
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field strength, then from I = jS and j = rYE we obtain: j =__ j- g S

length of the current channel. So different functional dependences I=I (p) and Up=U (p) are possible only in the case

if the current density remains the same with pressure variations in the range from 50 to 250 Torr.

Spectral and probe measurements (ref. 2) have allowed us to determine the size of the current channel and to es-

timate the current density in the hydrogen discharge to be about j_ 1.2 A/cm 2. Such a high current density makes the

power characteristics of the magnetic filed-stabilised glow discharge closer to the arc discharge characteristics.

It has also been indicated in ref. 2 that on the substrate, electrically insulated from the anode and the cathode,

during the discharge there arises a negative potential of up to 400 V relative to the anode. Further experiments (refs.

3, 4) have suggested the conclusion that apart from the basic discharge (between the cathode and the anode), the

cascade discharge is observed in the circuit: the cathode - substrate along the magnetic field and the substrate - an-

ode across the magnetic field. In the hydrogen discharge, the share of current participating in the cascade discharge

does not exceed 20 %, but the addition of methane to the working gas can cause, in some cases, a rise of current in

the cascade discharge up to 60 %. As demonstrated in reference 3, the substrate potential shows a linear dependence

on pressure, similar to the voltage dependence of the main discharge.

Fig. 4 presents the power put into the discharge and the substrate temperature versus the working gas pressure

for the minimal and maximal currents (ref. 3). It is evident that the values of pressure for the maximum of power put

into the discharge and the substrate temperature are not always coincident. According to reference 2, this points to

the effect of ion bombardment on the substrate heating when the substrate is at negative potential. As it was indi-

cated in reference 4, about 10 % of the power input goes for heating the substrate. A half out of this value is lost for

radiation, and the rest is taken by the cooling system.

The discharge voltage and the substrate potential have appeared appreciably dependent on the methane concen-

tration. It was shown in reference 3 that this dependence has a linear character. This fact is advantageously used for

the glow-discharge diagnostics and the methane concentration measurements at transient processes occurring during

DC deposition.

Investigations into optical radiation of the magnetic field-stabilised glow discharge were carried out (ref. 5). It

was shown that the radiation spectrum in the range from 230 to 700 nm was essentially in agreement with the data

obtained by other authors who used various working gas- activation methods in the set-ups (refs. 6,7). The differ-

ences were only observed in the relative intensity of hydrogen Balmier lines of the series Ha, H_,Hv, Hs, He and the

molecular lines H2 (462.8; 581.3; 602.8 rim), and also in the line distribution in the molecular bands of C2 (swan

band) and CH radicals. It was also shown that the highest concentration of C2 and CH radicals could be attained near

the substrate with the help of special engineering solutions. The linear dependence of the radiation intensity of C2
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and CH radicals on the methane concentration in the hydrogen discharge (see Fig. 5) was observed, that could also

be used for the discharge diagnostics.

The optical radiation spectra of the glow discharge stabilised by the magnetic field were studied to check for the

presence of metal impurities. In particular, much attention was given to the presence of Mo impurity in the dis-

charge, because the cathode and the substrate holder were made from Mo. Fortunately, the optical spectrum exhib-

ited no Mo lines. At the same time, the installation of a copper specimen in the substrate holder gave rise to Cu I

lines (324.7 nm and 327.4 nm) with an excitation potential of about 3.8 eV.

The optical measurements have made it possible to determine the frequency of current channel rotation in the

glow discharge stabilised by the magnetic field (ref. 2). It has been found that the rotational frequency changes as a

function of discharge parameters in the range from 100 up to 200 Hz and has different functional depend-

U, . (PH_ +PA_/_ences: f oc 7---_' for the hydrogen discharge; f _: "I _DAF for the hydrogen discharge with the

Ar addition; and f _ (P--_H_ _DH_ 4[I - AIR ] for the discharges with the methane addition. Here PH2, PAr, PCH4 are the

partial pressures of hydrogen, argon and methane, respectively; and the factor A depends on the geometrical

parameters of the discharge. The experiments made with the use of single and double electrical probes have fully

confirmed the data of optical measurements.

The thermocouple measurements of the working gas temperature and the results obtained with the help of elec-

trical probes have given the basic parameters of the magnetic field-stabilised glow discharge at pressure P _ 150 torr

(ref. 2). It is shown that the highest gas temperature in the current channel reaches 5000 °C, the average gas

temperature in the region of current channel motion is about 2000 °C, the electron density ne_ 1017m -3, time of

electron collisions t_3.10 -10 sec, and the parameter m% *e_l, where WBeis the electron cyclotron frequency.

An attempt was made to derive the analytical solution for the frequency of current channel rotation at the dis-

charge, using a set of equations of gas dynamics and magnetic hydrodynamics. It is shown that in the case of an ex-

tremely simplified model it is possible to obtain the analytical solution to the given problem (ref. 4). It has appeared

that the speed of current channel rotation can be presented as the balance between the speed of rotation under the

action of Lorenz force, with being hindered by the neutral gas, and the recombination rate of plasma particles. The

process is noticeably influenced by radial plasma diffusion.

In the magnetic field-stabilised glow discharge, the DC growth rate was investigated as a function of various pa-

rameters (ref. 4). It is found that a rather flat maximum is observed on the DC deposition rate vs substrate tempera-
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turecurve.Theoptimumsubstratetemperaturevalueliesbetween980and1010°Candisdependentoncertaindis-
chargeparameters,inparticular,onthepurityofhydrogenintroducedinthedischarge.ThehighestDCgrowthrate
achieved3 gm/honadiameterof5cm.TheDCgrowthratewasfoundtoincreasewithagrowingflowrateof
methaneatthegivenrateofhydrogenflow;however,nochangeintheDCgrowthratewasobservedwiththevaria-
tionsinthehydrogenflowratefrom230cm3/minupto450CM3/minataconstantmethaneflowrate.Inotherwords,
theDCgrowthrateisdependentonthemethaneflowratein thehydrogendischargeratherthanonthemethane
concentration.Themethaneconcentrationessentiallyinfluencesthequalityof coatingdeposited;thebestresults
wereobtainedatamethaneconcentrationofabout1%.

Theexperimentshaveshownthenecessityofusingahigh-purityhydrogenforDCsynthesisinthedischarge
(ref.5).Therefore,forpurificationofindustrialhydrogenthemetal-hydridegeneratorofhydrogen(MHGH),devel-
opedbytheInstituteofMechanicalEngineeringProblemsofNASofUkraine,Kharkov,wasused(ref.8).Inthe
MHGHofthegivendesign,about2801ofpurehydrogencanbestored.ThepurityofhydrogenleavingtheMHGH
afterspecialpurificationprocedurescanattain99.99%.

TheuseofMHGH-purifiedhydrogenhasnoticeablyinfluencedtheprocessofDCsynthesis.Firstofall,theDC
growthratehasincreased(abouttwice,insomecases);thisbeing,inouropinion,duetobothahighpurityofhy-
drogensuppliedanditsthermoemissionactivationatdesorptionfromhydride-generatingintermetalliccompounds
(refs.8,9).Then,withtheuseofMHGHhydrogen,theprobabilityfortheglowdischargetoturnintothearcdis-
chargeessentiallydecreases,andthisindirectlyconfirmsthepresenceoftheearlierestablished(ref.9)conditionsof
dischargeautostabilizationinpressure.Forthesamereasons,theamountofthecathodematerial(Mo)dropletsin
thedepositedDCsampleconsiderablydecreases.

StudiesintodiamondnucleationandtheDCstructuresynthesisedin themagneticfield-stabilisedglowdis-
chargewerecarriedout(ref.10).It isfoundthatatinitialstagesofdiamondcrystalformationtheso-calledeffectof
decoration,associatedwiththediamondcrystalnucleationatthegrain-boundarysubstratecarbides(alwayspresent
intherealsubstrate),manifestsitself.

TheintermediatecarbidelayerandtheDCformedduringthesynthesiswereinvestigatedwiththemethodsof
X-raystructureanalysis(ref.10).It isestablishedthatthecarbidelayerhastheMo2CorW2Cstructure,depending
onwhetherthesubstratematerialMoorWwasused.FortheMosubstrate,theintermediatecarbidelayerthickness
makes7...8.5gmataDCthicknessofmorethan40gm.

Thelatticeconstantsforthediamondcoatingandthecarbidesubstratewerecalculated.Theresultsallowusto
suggesttheabsenceofanappreciableamountofhydrogeninthesynthesisedDCanditspresenceinthecarbidesub-
strate.It isalsoshownthatthediamondcoatingsareundertheactionofcompressivestressofabout1.5GPa,while
thecarbidesubstrateisundertheactionofstretchingstress.ThestressesintheDCdependonlyweaklyontheDC
thickness,andthisallowsthesynthesisofDCwithathicknessupto1mm.

Asit isseenfromtheaboveexperimentaldata,themagneticfield-stabilisedglowdischargeusedforworking
gasactivationenablesonetoattainasufficientlyhighDCgrowthrate.Thecomparisonofperformancecharacteris-
ticsoftheabove-mentionedset-upwiththetechnicalparametersofotherset-upsforDCsynthesis,describedinref-
erence1,allowsustoassertthatbytheproductivityofDCsynthesisandbytheefficiencyofenergyusagepercarat
ofthesynthesisedDCthepresentmethodofworkinggasactivationis inonegroupwiththebestworldresultsob-
tainedwiththeuseoftheMW/arcmethodsofworkinggasactivation,andthehotfilamentmethodatthesame
powerlevel(5kW)putintothedischarge.

Atpresent,20kWand50kWset-upsarebeingdesignedatNSCKIPT,thatwillprovide,throughvariousmodi-
ficationsofthemagneticfield-stabiliseddischarge,the0.25g/hand> 1g/hproductivitiesofDCsynthesis,respec-
tively.Thecostofthediamond-coatedcarbideinsertcanbereduceddownto$0.2perpiece.Thediameterofthe
substrateholderforthe50kWset-upcanreachupto25cmandover,dependingontherangeofproductstobe
coatedbyDC.

CONCLUSIONS

Theinvestigationsmadeonthelaboratoryset-uphaveshownthattheglowdischargestabilisedbyamagnetic
fieldhasseveralessentialadvantagesincomparisonwithother,widelyusedCVDmethodsoftheDCsynthesis.

Thecurrentchannelrotationinthemagneticfieldmakesitpossibletousethegiventypeofworkinggasactiva-
tionforDCdepositionoverlargeareas.Thebasiccharacteristicsofthedischargeinthepressurerangefrom50to
300tortandatcurrentsfrom3to8A correspondtotheclassical_normab>glowdischargewithacurrentdensity
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higherthanI A/cm2.Thiscurrentdensityprovidesahighspecificpower(higherthan200W/cm3in thecurrent
channel)neededfortheDCdepositionoverlargeareas.Despitesuchahighspecificpowerin thedischarge,the
opticalspectrumexhibitsnoemissionlinesofmaterials,fromwhichthemostelectricallyoverloadedset-upele-
ments,inparticular,thecathode,weremade.ThispointstothepossibilityofdepositingDCofhighpurity.

Thepresenceofthenegativepotentialupto-400V acrossthesubstrateholder(electricallyinsulatedfromthe
anodeandcathode)hasbeendemonstratedexperimentally.Thepotentialarisesasaresultofthecascadedischarge
in thecathode- substrate- anodecircuitandinfluencesthesubstrateheating.Theinvestigationshavenotrevealed
anynegativeinfluenceofthispotentialontheDCgrowthrateandquality.TheDCgrowthrateonadiameterof5
cmachieved3gm/h,thisbeingcomparablewiththebestworlddatafortheset-upswithapowerinputof about5
kWintothedischarge.

Theabsenceofimpuritiesin hydrogenandtheenergeticstateofhydrogenatomsandmoleculesexertsanap-
preciablyfavourableeffectontheDCqualityandgrowthrate.Inourexperiments,ametalhydridegeneratorwas
usedforhydrogenpurificationtoprovidehydrogenof99.99%purityinamountsnecessaryforDCsynthesis.It has
resultedinatwo-foldincreaseoftheset-upproductivity.

Diamondcoatings,40gmandoverthick,onMoandWsubstrateswereproduced.Betweenthesubstratesand
theDCthickcarbideinterlayerswereformed.ThosewereMo2C,upto8.5gmthick,andW2C,>4gmthick,forthe
MoandWsubstrates,respectively.Thediamondcoatingisundertheactionofcompressivestressof 1.5GPa,and
thecarbidelayerisundertheactionof stretchingstresses.TheDCstressvaluedependsonlyweaklyontheDC
thickness,andthispermitsthesynthesisofdiamondcoatingsupto1mmandoverinthickness.
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Abstract

CVD diamond is the most promising material for thermal management due to its very high thermal
conductivity. Nevertheless wide spread use of CVD diamond in heat spreading applications has not been
successful, due to the high price of the material, One major issue is the slow growth rate (typically 1 gm/h)
which yields the appropriate diamond quality for heat spreading applications in low pressure CVD
processes. For effective heat spreading of e.g. laser diode bars a necessary thickness of the diamond heat

spreader is calculated to be 100 gm. Increasing the growth rate without loosing diamond quality has not
been successful yet. But high thermal conductivity can only be achieved when superior phase purity and
crystallinity is provided in the diamond coating. We demonstrate that it is possible to grow CVD diamond
with 8 gm/h with high phase purity. We utilize the etching capabilities of reactive species in the micro
wave plasma witch contains carbon, hydrogen and oxygen. We found that the usage of high oxygen ratios
in the plasma leads to a better selectivity of the etching species in the plasma with respect to sp 3 and sp2
carbon.

In order to achieve high diamond quality it is most necessary to avoid graphitic inclusions. This is usually
achieved with g small growth rate and high atomic hydrogen concentrations in order to selectively etch sp2
hybridized carbon from the growing diamond surface. Enhancing the selective etching process would
therefore allow to increase the growth rate without diminishing the diamond quality. Kinetic calculations of
hydrogen, methane and oxygen mixtures show that the formation of carbon monoxide is slower than the
formation of hydroxyl radicals or water. Hydroxyl radicals are therefore likely to have an influence on the
growth of CVD-diamond. We measured the growth rate online and determined the activation energy of
diamond growth. This activation energy is raised from standard 1% methane 99% hydrogen mixtures with
50 kJ/mol to 85 kJ/mol when diamond is grown from gas mixtures with higher concentrations of methane
and oxygen. Detailed confocal micro raman analysis were performed to characterize the phase purity of the
deposited diamond films. Initially the phase purity drops with higher growth rate, as has been frequently
reported. A further increase of methane and oxygen leads to an increase in phase purity while the growth
rate is maintained at a high level.

Keywords: thermal management, roman spectroscopy, growth mechanism, oxygen
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Abstract

Thin transparent films of diamond have only been grown by CVD methods at very slow rate. Using hot
filament CVD reactor of large area (30 cm by 40 cm), such films were deposited onto highly polished copper
substrate at a rate about l gin/hr. The cost of manufacturing thin transparent films of 20lam thick may be as
low as $ 1/cm 2. At such a low cost, thin transparent films should have diversified applications, such as X-ray
windows, high frequency (up to 10 GHz) SAW filters, and other advanced devices.

Key Words: CVD Diamond, Optical Window, SAW Filter.
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ABSTRACT

The conventional techniques for depositing diamond at low pressure utilize a flow of a hydrocarbon-hydrogen gas

mixture with complicated gas tubing for introducing the reaction gas into a reaction chamber and evacuating reactant

gas from it. For few years, we had been concentrated on developing completely closed diamond

synthesizing system aimed for high gravity or microgravity conditions. With our preliminary experiments, we

successfully confirmed that diamond was synthesized with this completely closed system, and that this system was

very suitable for mounting on large centrifuges and in spacecraft.

In our study, we used graphite rod for heater and carbon source, at the same time. Diamond particles were

synthesized on Si substrates with graphite heating on our completely closed reaction chamber ( method A ). We tried

other substrates, glassy materials ( silica glass and other glasses ) and ceramics ( aluminum oxide ).

We also tried to synthesize diamond with conventional hot filament CVD method with hydrogen and methane gas

mixture ( method C ) and graphite heating on hydrogen flow experiments ( method B ).Synthesized particles were

observed with SEM and confirmed as diamond with Raman spectroscopy.

With 60 minutes experimental time on Silica glass substrates, we obtained 1.5 to 3.0 micron sized diamond with

method B, 3.0 to 4.0 with method A and over 20.0 micron big particles with method C. On Aluminum oxide

( alumina ) substrates, 5.0 microns with method A and B, and over 30.0 microns with method C in 60 minutes. With

Raman spectroscopy, method B gave us the best diamond ( smallest FWHM valued Raman peaks attributed to

diamond particles ) compared with other two methods. We used no bias voltage, substrate pretreatment nor plasma.

Discussions for carbon source effects ( solid graphite and gaseous methane ) and flow effects ( with source gas

flow system and completely closed system ), and more details of experimental methods and results including SEM

photographs and Raman spectra will be shown in the conference.

Keywords: closed system, silica glass, aluminum oxide, graphite heating, diamond.

INTRODUCTION

With diamond synthesis, crystalline substrates, such as Si and Mo are usually used. In this study, we used oxide

amorphous for example, quartz glass, and crystalline oxide such as aluminum oxide for substrates. In last year, on

MRS Spring meeting, we reported the synthesized diamond on quartz glass[l]. In this study, we tried synthesis with

conventional flow system and with methane and hydrogen mixture gas.
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EXPERIMENTAL

In this study, we tried three deferent methods listed on Table 1. For each method, schematic figures are shown in Fig.

1.

Method A is so called completely closed system. After hydrogen was introduced on the chamber with suitable

pressure, all valves were closed, and graphite rod was heated up with electricity. To keep suitable temperature of

graphite rod and substrate, which was heated with strong radiation come from graphite rod, diamond particles were

synthesized on the substrates.

Method B is flow system with graphite rod, which installed on the center of the chamber. Reaction gas (hydrogen)

was introduced and reactant gas was evacuated to keep suitable pressure.

Table 1 Experimental method

A B C

gas flow closed flow flow

system system system

carbon graphite graphite OH4

source rod rod gas

Method C is common and conventional thermal filament method. For reaction gas, mixture of hydrogen and

methane was used. For filament, spiral shaped tungsten wire was used.

Experimental conditions were listed on Table 2. The synthesized particles were shown in Fig. 2, for Method A,

Fig.3 (method B) and Fig.4 (C), with SEM photographs and Raman spectra.

AC power atl_ly

reaction _-_

gas iifie?_

!1
reaclant

gas o111 et

alve

AC tx_er attty

gas

_o*_ II

T :II
gasortla

AC tz__r attly

ga_otllet

A B

Figure 1. Schematic figure of apparatus for method A, B and C.
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Experimental methods

subs'Eates

Initial pressure / Torr

Total pressure / Torr

Flow rate (H z:CH4) / SCCM

Pyrogen temperature/

Substrate temperature / *(3

Deposition lime/min.

Distance;substrate -

pyrogen / mm

Sample number

SiO2
glass

2000

Table 2 Ex

A

Alumina

50

x

)erimental conditions

B

SiO2 Alumina
glass

x

100

C

SiO2 Alumina
glass

X

100

x 50 : 0 99 : 1

I 2300 2100 2300

750 750

6O

3

3 4

60

700~750

60 60 I 60 120
=

3

5 6 I 7 81 2

RESULTS AND DISCUSSION

Figure 2 shows SEM photographs and Raman spectra for particles synthesized by method A on silica glass (left) and

on alumina (right). The particle sizes were about 4 microns on silica glass and about 6 microns on alumina. The

particles were confirmed as diamond with characteristic diamond peaks on Raman spectra.
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Figure 2 SEM photos and Raxnan spectra (method A)

Figure 3 shows SEM photos and Raman spectra for the particles synthesized with method B on silica glass (left) and

on alumina (right). The particle sizes were about 2 and 4 microns each. The fivefold shaped particles were observed

on alumina, which axe typical on CVD diamonds. Raman spectra showed diamond peaks on both samples.
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Figure 3 SEM photos and Raman spectra ( method B )

Figure 4 shows SEM photographs for particles synthesized by method C on silica glass (left top) and on alumina.

With method C, tungsten wire was used as a filament. In all cases except for sample 6, a filament was gradually

expanded and finally touched with the substrates.

+_.on SiO 2 glass_ 41

(Sample number 5) (Sample number 6)

iiiiiii!iiiiiiiiiililililiiiiii!i!iiiii!i!iiiiiiii!iiiiiii!ii!ii!'.i'.':!'-i'.:.

i i
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( 60 INn ) (60min)

on Alumina •
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Figure 4 SEM photos with method C experiments

Figure 4 shows that all particles obtained by the experiments with filament touch to the substrates, gives very large

particles such as 1 micron.

Figure 5 shows Raman spectra for each sample. With all Rmnan spectra, diamond peaks were confirmed.
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Figure 5 Rmnan spectra for method C

Figure 6 shows deposited particles were grown very well and touch each other.

Figure 6 SEM photograph for sample 8

SUMMARY

We confirmed diamond on all methods A, B and C. With Raman spectra analysis, method B gives the best

crystalline diamonds.

With method C, in which methane was used as carbon source, synthesized diamond was the lmcgest ones among all

three methods.

With these results,

Graphite was very effective for synthesize good crystalline diamonds.

Methane was very useful for high crystal growth rate, and to synthesize lmcge diamond pmcticles.
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Abstract

It is difficult to produce diamond grains on iron-based materials due to the catalytic effect and the rapid diffusion

coefficients of carbon species into the iron-based materials, such as iron and stainless steel (SUS) containing

chromium (Cr) 18 % and nickel (Ni) 8%. However diamond growth on iron-based materials is extremely important

for mechanical and electrical applications because the iron-based materials are widely used in domestic science.

In our previous study, the diamond nucleation and subsequent growth are precisely controlled by residence time

of source gas as an essential parameter. We have carried out the diamond growth on iron-based materials using the

hot-filament chemical vapor deposition (CVD) technique with varying the residence time. At lower residence time,

diamond grains with practical growth rate are grown on the iron-based materials. The growth rate of diamond grains

on SUS substrates was a factor of about 7 greater than that for a normal silicon substrate at optimum condition.

Furthermore, the growth rate exponentially increases with the growth time. Diamond film of about 0.1 mm

thickness was obtained at growth time of 10 hours.

Raman spectroscopy and scanning electron spectroscopy were utilized for estimation of the quality for grown

diamond grains. The FWHM of diamonds on iron-based materials is comparable to it of natural diamonds.

Moreover diamond grains were also observed not only at the surface but also at the bottom of the SUS substrates.

Key words : diamond growth & characterization, heated filament, chemical vapor deposition,

Raman spectra

1. Introduction

Substrate surface treatment such as mechanical polishing, plasma etching, ion implantation, and thin film

deposition, have brought various influences on the nucleation of diamond and subsequent growth 1'2). The conditions

of the substrate surface are very important in the growth of the diamond nuclei 3). Furthermore, the formation of SiC

layer on the Si substrate surface is observed at the initial stage of diamond nucleation. Iron thin films on Si substrate

enhanced diamond nucleation density by high diffusion co efficiency against carbon. It is very difficult to produce

the high quality diamond growth on iron and steel substrates 4).

In this study, diamond deposition on iron and steel substrates have been attempted using the residence time of

source gas as essential parameter of diamond growth. The significant enhancement in the growth rate of diamond and

the improvement of crystalline quality were obtained with remarkably difference in comparison with the diamond on

normal Si substrate.
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2. Experiments

The hot-filament chemical vapor deposition (CVD) was used for diamond growth. The double chamber of

stainless steel was used for diamond growth. The substrate and filament temperatures were controlled at 850 and

2100 °C, respectively. The CH4 concentration was kept at 0.5 % during diamond growth and total gas pressure was 5

kPa. The depositions were carried out on normal Si, pure iron (99.99 %), and 18-8 stainless steel (including 18 %

chrome and 8 % nickel) substrates.

The morphology of the deposits was studied by means of scanning electron microscopy (SEM) images obtained

with a JEOL JSM-5310LVB system. Raman spectroscopy (JASCO NRS-2100) with an Ar ion laser was also used to

identify the crystalline quality of the grown diamonds.

3. Results and discussion

Figure 1 shows the growth rate of grown diamond at different residence time. The growth rates of all samples

increase with decrease of the residence time. The maximum growth rate of stainless steel substrate was a factor of

about 7 greater than that of normal Si substrate.
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Figure 1. Relationship between growth rate and residence time.

SEM micrographs of diamond grains grown on normal Si, iron, and stainless substrates under maximum growth

rate are shown in Fig.2. At stainless steel substrate, single crystals without any facets can be observed (Fig. 2 (b). In

contrast, twin structures were obtained on the normal Si substrate (Fig. 2(a)).

(a) Si substrate (b) Stainless steel substrate (c) Iron substrate

Figure 2. SEM images.

In order to compare the crystalline quality of grown diamonds at different substrate, micro Raman spectroscopy

was utilized. Figure 3 shows Raman spectra of diamond grains prepared on each substrate. The grains were identified

as diamond due to the sharp peak at 1332 cm -1. The full width half maximum (FWHM) of the peaks was used to

characterize the quality of diamond grains. Typical average FWHMs of the diamond peak are listed in Fig. 3 (as

referred natural diamond). The FWHM of diamond on stainless steel substrate is comparable to that of natural
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diamond.Bycontroltheresidencetimeoftotalgas,thediamondswithfinecrystallinequalitywereproduceon
stainlesssteel.
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Figure 3. Raman spectra.

4. Conclusions

Diamond growth on stainless steel and iron substrate with convenient growth rate and quality has been realized

using residence time as one of the growth condition. The growth rate wa found to increase by a factor of 10 when the

residence time was kept at 5 ms. The effect of the increased growth rate may be because of the increased amount of

atomic hydrogen and diamond precursors.
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Abstract

Diamond films of 8 inch in diameters were deposited by CVD using hot filaments. These films were uniform in

thickness and other properties. Such diamond films are suitable for many industrial applications including cutting

tools, heat spreaders, SAW filters, and boron doped electrodes.

Key Words: CVD Diamond, Diamond Films, Hot Filament
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In previous work, we have shown that it is possible to achieve diamond growth by hot-filament chemical vapor

deposition (CVD) under atmospheric pressure and that the residence time is the most important parameter for

diamond deposition. Furthermore, the relationship between the quality of deposited diamond and the residence time

has been also investigated by Raman spectroscopy. The results have shown that growth rate and quality of diamond

are controlled by the residence time.

In this work we have tried to increase the growth rate by deposition under a pressure of 200 kPa. Moreover, the

structure of the substrate surface after deposition was characterized with Auger electron spectroscopy (AES).

At 200 kPa a significant increase of the growth rate compared to conventional pressure (5 kPa) and atmospheric

pressure (106 kPa) was observed, since the optimum residence time of the precursor is abruptly increasing with the

deposition pressure. In addition to that, Raman analysis revealed that the quality of diamonds grown at 200 kPa is

better than that of diamonds produced at low pressures. Furthermore, high quality diamond growth was achieved

with a long residence time of the input gas at high pressure. Under the applied deposition conditions a peak

originating from silicon carbide could be observed after a growth time of 15 minutes.

Key words : diamond growth, diamond characterization, heated filament, chemical vapor

deposition, grain size
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1 Introduction

Chemicalvapordeposition(CVD)ofdiamondfilmshasreceivedconsiderableattentionduetotheattractivefilm
propertiessuchashighthermalconductivity,mechanicalhardness,widebandgap,andchemicalinertness1'2).If rapid
growthandimprovedqualityof CVDdiamondscanberealizedthentheyareexpectedtobeutilizedwidely
industriallyinthefieldofelectronics,mechanics,andoptics.

Uptonowmostresearcherscommonlyusepressure,flowrate,gasratios,substratebias,powerandsubstrate
temperaturetocharacterizethegrowthconditions.Astheseparametersarenottheonlycrucialdepositionparameters
comparisonofresultsachievedwithexperimentalset-upsandcommercialsystemsisnormallyveryrequired.Thus,
anotherstandardizeableparameterisrequired.

Inourpreviouswork,theresidencetimewasproposedasawellcontrollableparameterforCVDdiamondgrowth
andtheresultsontwodifferentsystemswereingoodagreementwiththeproposedparameter1).A significant
enhancementinthegrowthrateof CVDdiamondwasobtainedunderatmosphericpressure1).Furthermore,XRD
analysisrevealedthatthequalityof diamondsgrownatatmosphericpressurewasbetterthanthatof diamonds
producedatlowpressure.Inordertoincreasegrowthrate,wehaveattempteddiamondgrowthat200kPa.

1. Experimentalprocedures

A conventionalhotfilamentCVDsystemhasbeenusedfordiamondgrowthunderstandardconditionsas
describedpreviously2).Thesystemisequippedwithaccessoriesforhighpressureprotectionandthermalsafety.The
vacuumchambermadeofstainlesssteelcontainsamolybdenumsubstrateholderwithathermocoupleandatungsten
filament.Thevacuumchamberwasevacuatedbyarotarypumpto abackgroundpressureof 0.1Paafterthe
substratesweremountedonthesubstrateholder.Thehydrogengaswasintroducedintothechamberthroughamass
flowcontrolleratatmosphericpressure.Thefilamentwasheatedupto2370Kbypassinganelectriccurrentthrough
it andthemethanegaswasmixedwithhydrogenafterastablefilamenttemperaturewasreached.Thesubstrate
temperaturewaskeptat1120Kwhenthesubstrateswerelocatedatadistanceof5mmfromthefilament.

Thediamondgrowthwascontrolledbytheresidencetimetr [sec] of the precursor which is given by

PxV
t r = k s --

Q

where P is the gas pressure [Pa], Q the flow rate [sccm], V the volume of the deposition chamber [cm3], and kr

the constant value of 10.51) . In order to investigate the influence of the methane concentration on the quality of the

grown diamond, it was varied from 0.2 %.

The surface morphology of the grown diamond was investigated using scanning electron microscopy (SEM :

JEOL JSM-5310LV, resolution = 4 nm). Micro Raman spectroscopy (JASCO : NSR-2100) was used to identify the

quality of the diamond films grown. The growth rate was estimated by the size of the diamond grains and the growth

time.

2. Results and discussion

Figure 1 shows the growth rate of diamond at different residence time. At low pressure conditions (5 kPa, and

50 kPa), the maximum growth rate was achieved at a residence time of 0.05 s. It is striking to note that under low

pressure the dependency follow similar curves, indicating that diamond growth cannot be characterized by pressure

and flow rate alone. Thus, the residence time is suggested to be used as a standardized parameter for CVD diamond

growth.
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Figure 1. Growth rate of CVD diamond grains produced

different pressure as a function of the residence time.

at

With increasing pressure up to atmospheric pressure and above, the growth rate dramatically increases with

residence time. The maximum growth rate at 200 kPa was about 4 times higher than that at low pressure conditions.

The reason for that increase is discussed in a previous paper 2_. The effect of the increased growth rate is because of

the increased amount of atomic hydrogen and diamond precursors on the substrate surface resulting from a prolonged

residence time.

The maximum growth rate of diamonds was strongly depended upon the residence time. Then they were

picked up and traced the tendency. Figure 2 shows the maximum growth rate as a function of the residence time. It

can be seen that the maximum growth rate increases monotonously with the residence time up to 2.3 s. The possibility

of increase of the growth rate was found from this Figure.
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Figure 2. Maximum growth rate of CVD diamond

grains under different pressure condition.

In order to compare the quality of the diamonds grown at different conditions, micro Raman spectroscopy was

applied. Figure 2 shows Raman spectra of diamond grains produced at pressure condition between 5 kPa and 200 kPa.
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Ineachcasethegrainswereidentifiedasdiamondduetothesharppeakat1332cm -1. Significant peaks at 1350 cm -1

(D band) and 1530 cm -1 (G band) originating from disordered and glassy amorphous carbon around the grains can be

observed in the Raman spectra of the diamond at 5 kPa 3_. On the other hand, D band and D band did not appear at the

spectrum of diamond grown at 200 kPa.

This result is similar to the dependence observed for the growth rate as a function of methane concentration as

shown in Fig. 3. At low methane concentrations, comparative ratio between atomic hydrogen and methyl radical

increases with decreasing methane concentration. Thus, non-diamond species can be etched oft', which is also

supported by the SEM micrographs in Fig. 3.
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Fig. 3: Raman spectra of CVD diamond grains grown

at different pressure condition.

3. Conclusions

Using the hot-filament CVD technique, the influence of the gas pressure on diamond growth has been

investigated. A dramatically increase of diamond growth rate could be observed with gas pressure. The significant

enhancement of the growth rate at high pressure allows production of high quality diamond.
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ABSTRACT

For production of tlfin and uniform disk shaped high density plasma for diamond grm_lh at higher pressurE,
mlcrowave and DC hybrid d,schalge is proposed.

It has been succeeded that high quality diamond is synthesized by the microwave plasma chemical _,apor

deposition (CVD) method Crystalline diamond can be slowly grown form source gases of a several kPa in presser
fltmugh chemical reaction enhmlced by the plasma. One of the diffictdties [i_r industri',d applicaUon of CVD
diamond is high production cost due to file smalt grox_1h rate.

II is expected that increasing the reaction pressure will increase the growth rate. For production of an uniform
plas_r_a at higher pressure over the substrate size of a few inches, it is necessary to increase the microwave power
and to use an welt designed microwave cavity. In a cavity for the microwave discharge, the plasma of a large volume
is produced by such the huge microwave poweI, as shown in Fig (a). 1[ the plasma can be produced only around the
substrate, as shown in Fig (b), the microwave power can be reduced.

Here, WE propose a hybrid discharge by using microwave and DC powers to produce the plasma only the
substrate. This method _s expected that the Iota! power fol plasma produciion by using both rite m_crowave ancl DC
will be smaller than dmt for die production of large-x'olume plasma by microwave alone.

The experimental apparatus was a convenlional micIowave plasma CVD appmalus with two electrodes inserted
The experimental condition was at 13kPa of It: with 420W micro_vave and 70W DC, or wilh 500W microa'ave
alone.

When it was discharged with microwave and DC, a thin plasma disk abou_ hum thick 16mm ut :limneter was
produced on the surface of a substrate. When it was discharged with microwave only, plasma was coniracled at the
corner of mtbstrale.

tt has been reported that file negative voltage of the substame E1dmnced diamond _mcleation bat obslructed
c_'stal growth. At higher pressure, however, the energy will be lowered by collision. It is expected that the ion
bombardment at lowered energy will enhance the co'_al gro_vlh rather 1t_1 rite ob_acle.

[ ]
Sobs [rate

(a) (b)

Fig (a) Plasma ball and (b) plasma disk.

NASA/CP--2001-210948 348 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

CHEMICAL PROCESSES IN ECR-MICROWAVE PLASMAS CAPABLE OF DIAMOND

FILM DEPOSITION

Rik Blumenthal

Department o f Chemistry, Auburn University, Auburn AL 36 8 4 9

ABSTRACT

The chemical compositions of 4% carbon in hydrogen/deuterium electron cyclotron resonance (ECR)

microwave plasmas based on ethane, ethylene, acetylene and methane have been investigated using Supersonic

Pulse, Plasma Sampling Mass Spectrometry. Kinetic modeling based on the simulation of the plasma as a steady-

state source of hydrogen atoms using 54 reversible chemical reactions and their isotopic analogs has successfully

modeled the composition of all of the plasmas studied. A unique set of parameters was found that generated

simulated spectra that matched all of the experimentally measured spectra. The success of this modeling effort

provides strong evidence that the chemistry of ECR-microwave plasmas is dominated by neutral molecule reactions.

Keywords: Microwave, Diamond, Deposition, Hydrocarbon, Plasma.

INTRODUCTION

Diamond films and diamond-like coatings (DLCs) have found a number of practical applications, including

scratch resistant films on sunglasses, thermally conductive films for cooling of semiconductor devices, and as

mechanical strength enhancers on razor blades. From the time of the initial discovery of low-temperature diamond

deposition, the enormous potential benefits of diamond films has driven extensive research into both the practical

and fundamental aspects of the process. In a practical sense, significant progress has been made in understanding the

relationships between the deposition conditions and the morphology and physical properties of the film. An

amazingly wide array of techniques have been demonstrated to be capable of depositing diamond films, including

flame torches, hot filament reactors, microwave and high-density plasmas. In contrast to the physical properties of

the deposited film, which are characterized ex-situ or after deposition is completed, and despite significant efforts,

the chemical phenomena responsible for diamond film deposition have not been understood to an extent even closely

approaching the understanding of the morphological issues.

In this work, we report both the results of supersonic pulse, plasma sampling mass spectrometric measurements

of 4% carbon in hydrogen/deuterium electron cyclotron resonance (ECR) microwave plasmas based on four different

hydrocarbons, methane, acetylene, ethylene and ethane, along with the results of kinetic modeling of the plasmas

based on a simplified model of the plasma that support prior interpretations made solely on the basis of the mass

spectrometric results. Supersonic pulse, plasma sampling mass spectroscopy has been shown to be capable of

determining the chemical composition of a plasma, including the observation of reactive species and radicals that are

not observed using other methodologies, such as the high percent dissociation of C12 during the etching of silicon in a

high-density plasmas. Kinetic modeling of diamond film deposition is also well-established, and has been previously

applied to hot filament reactors, plasma torches and microwave plasmas.(refs. 1-3) Unfortunately, the results of

those kinetic modeling studies could only be tested by comparison with secondary observations, such as film

deposition rates, or with the of concentration of a single molecular species within the complex environment.

In prior kinetic modeling of plasma deposition, a majority of the calculational effort was directed to the solution

of transport properties of the gas. In contrast, we have decided to return to the 1-D method employed in the hot-

filament reactor simulations and focus our calculational efforts on simulation of the chemical composition based on

the time evolution of the feed gas mixture under the influence a steady-state concentration of atomic hydrogen

(simulating the plasma) using 750 forward reactions (54 reversible reactions resulting in 375 reversible variations

when isotope effects are taken into account) taken from the combustion literature. The resulting kinetic modeling

suffers from two significant deficiencies. The first deficiency of our model is our indirect treatment of the electron-

molecule reactions that generate the reactive species that are ultimately responsible for diamond growth. In our

model, the plasma is replaced by a steady-state concentration of atomic hydrogen. In diamond deposition plasmas

with >90% H2 in the feed gas, it does not seem unreasonable to assert that the majority of the electron impact
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chemistrywillresultinthegenerationofatomichydrogen.Hence,thisfundamentalassumptionofourmodelis
similarlynotunreasonable.Theseconddeficiencyofourmodelisthecompleteneglectofwallreactions.No
experimentalevidenceexiststosupportsuchasignificantassumption,andourchemicalintuitionwouldleadusto
believethatneglectingwallreactionsisapoorassumption.However,thequalityoftheresultsofthemodel,the
abilitytofitthetotalcompositionsofeightplasmas(oneforeachfeedgasinbothhydrogenanddeuterium)provides
strongevidencethatwallreactionsmusteitherplayamuchmoreminorrolethanintuitiondictates,orthatinthe
steady-stateoftheplasma,oneormoreofthegasphasereactionsincludedinthemodelsimplyreplacetheactual
wallreactionsoftheplasma.

Overall,thechemicalcompositionsof4%carboninhydrogen/deuteriumECR-microwaveplasmasbasedon
methane,acetylene,ethyleneandethanehavebeenmeasuredandsimulatedusingasimplifiedmodelinwhichthe
plasmaisreplacedwithasteady-stateconcentrationofatomichydrogen.Thequalityoftheagreementbetweenof
themodelandexperimentoveranunprecedentedrangeofconditionsandexperimentaldetailsprovidesstrong
evidencethatthemajorreactionpathwayinECRmicrowaveplasmasisneutralreactions.

EXPERIMENTAL

All ofthediamonddepositionplasmasweregeneratedusinganASTeXmodelAX4300compactECR-
microwaveplasmasource.Typicaloperatingconditionswereatotalpressureof-0.5Pa,aforwardmicrowave
powerof200W.Theconfinementmagnetwasoperatedat-16.5Aandashapingmagnet,located-40cm
downstreamoftheplasmasourcewasadjustedtoyieldcylindricalplasma.Feedgasesweremixedthroughingas
manifoldconstructedofthreegasflowtubestoobtainthedesiredratioofthegases.Gasflowswereadjusted
manuallytoobtainthedesiredratiosof -10:1H2:CH4and-22:1ratiofortheotherthreehydrocarbons.

Supersonicpulse,plasmasamplingmassspectrometry
Supersonicpulse,plasmasamplingmassspectrometryhasbeendescribedindetailpreviously.(ref.4) Briefly,

400uspulsesofargonarereleasedattheedgeoftheplasmaregion.Thegaspulsesexpandthroughtheplasma
region,coolingandultimatelycondensingintoclusters.Themolecularandatomicspeciespresentintheplasma
regionactascondensationnucleifortheclusteringprocess,resultingintheplasma-bornspeciesbeingincorporated
intothecenteroflargeclustersofargon.Theclustersthenprotectthespeciesfromfurtherreactionuntiltheyreach
theExtrelQ50quadrupolemassspectrometer.Themassspectrometerwasoperatedat30eVelectronimpact
ionizationenergyinsinglemassmode.Massspectrawereaccumulatedbyadvancingthemassby0.1AMUperAr
pulseatapulserepetitionrateof10Hz.All dataareaveragesof100massscansandsevenpointsmoothed.

Kineticmodelingofplasmacomposition
Thefundamentalpropositionofthesimulationisthereplacementoftheplasmawith a steady state concentration

of hydrogen atoms. The justification for this simplistic model is found in the fundamental physics of ECR

microwave plasmas. In theses plasmas, the input microwave energy is coupled to the plasma by direct absorption by

electrons in cyclotron orbits. Chemical excitation of the gas is realized through the collision of energetic electrons

with the molecular species of the gas. Since the vast majority of the gas is hydrogen (initially 96 or 98% molecular

hydrogen), it is reasonable to assume the majority the chemical excitation is achieved through the fragmentation of

H2 to yield atomic hydrogen, hence the assumptions of the model used in the simulations is reasonable.

Kinetic modeling of the composition of the plasmas was based on re-calculating the composition at fixed time

steps based on changes in the composition calculated by the Arrhenius rate equations. The rate constants, barriers

and free energies used in the Arrhenius calculations were taken from the literature. A total of 375 reversible neutral

species reactions, including isotope effects, were derived from 54 principle reactions, shown in Table 1. Where

possible, rate constants were taken entirely from Harris et al. Additional reactions were taken from the GRI-Mech

database. All reactions parameters were re-tabulated using the smaller of the forward and reverse barriers calculated

from the published parameters using the free energies in the individual publications. For the purposes of this work,

the larger of the barriers was recalculated using free energies from the JANAFF tables. This unusual approach was

required to prevent slight differences in the free energies used in different sources from creating artificial negative

energy barriers ,which disrupted the mass balance of the calculation.

Each simulation was begun with the input of a total gas pressure, fraction of hydrocarbon and a temperature, and

was repeated for successively increasing hydrogen gas dissociation percentages of 10%. Within each calculation, the

gas composition was started at the specified feed gas composition with fixed hydrogen dissociation percentage. The

gas composition was allowed to evolve in time for a specified period until the calculation was terminated and a
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simulatedmassspectrumwascalculatedbasedonthefinalcompositionofthegas.Theterminationtimewasvaried
aroundtheexperimentallydeterminedresidencetimeofagaspulseintheplasmachamber,200ms. Intheinitial
stagesofthesearchforasinglesetofinputparametersthatcouldsimulateallspectra,thetimestepforthe
Arrheniuscalculationswas50gs,andduringthelatterstagesofrefinement,thetimestepwasreducedtolgs.Mass
spectrawereconstructedforcomparisontoexperimentaldata,usingtheexperimentallydeterminedmassspectrafor
thestablenon-deuteratedhydrocarbons(measuredintheabsenceoftheplasma)andisotopicbranchingratiostaken
fromstandardreferencespectra.

RESULTSANDDISCUSSION

TheexperimentallymeasuredmassspectraareshowninFig.1,andthebest-fitresultsofthemodelingare
showninFig.2. Theinputparametersofthekineticmodeling,seeabove,wereallvariedoverawiderangeandthe
resultswerevisuallycomparedtotheexperimentaldataovertheC2HxDvmassrange,m/z22-36.Onlyonesetof
parameterswasfoundthatcouldeffectivelyreproducetheexperimentalresultsforalleightplasmassimultaneously.
Theresulting"bestfit"wasfoundtobe40%dissociationofhydrogengas,atemperatureof490K,atotalpressureof
106Paanda200ms.Notvariedinthecalculationwasthepercenthydrocarbon,whichwasfixedat4%forCH4and
2%forC2H2,C2H4,C2H6.Thecalculationprovedtobeextremelysensitivetothetemperature,witha30Kincrease
resultinginacalculatedC2H2inD2patternwith the middle of the three peaks (m/z 27) dominant and a decrease of

30K resulting in a C2H2 in D2 pattern with only a single peak at m/z 28. Sensitivity to the percent dissociation of the

hydrogen was slightly less than the dependence of temperature. For instance, at 20% dissociation of H2, the C2H2 in

D2 pattern inverted (m/z 26 > m/z 27 > m/z 28), while at 60% dissociation of H2, the middle peak (m/z 27) of the

C2H2 in D2 pattern became drastically reduced as was the m/z 28 peak of the C2H4 in H2 pattern. Pressure also

played a strong role in the calculation. At a pressure of 10.6 Pa, the C2H2 in D2 pattern displayed only a single peak

at m/z 26, and no variation of other parameters could be found to correct it to the three peak pattern of the

experimental data. At increased pressure the m/z 27 peak of the C2H4 in D2 pattern was significantly reduced and

the m/z 26 peak was enhanced. It should be noted that what often appeared to be a positive trend in the variation of

pattern, as observed in compared to a single experiment, almost always resulted in an equally bad trend when

compared to another spectrum. The only best-fit parameter that did not closely agree with the experimental value

was the pressure, which was approximately two orders of magnitude higher than we measured. The only

explanations for discrepancy lie in the remote location of our ion gauge, which is both obstructed from the plasma

region and closer to the pump, and the low sensitivity of the gauge to H2, which results in a low pressure reading.

In conclusion, we have measured the chemical compositions of a number of ECR-microwave plasmas capable of

depositing diamond and compared the results to a simplified kinetic model in which the plasma is replaced with a

steady-state concentration of atomic hydrogen and only neutral molecule chemistry is considered. The results of the

calculations agree with prior models (ref. 5) that the primary reaction pathway is the stripping of hydrogen/deuterium

from the C2Hx to generate acetylene, the only hydrocarbon species that undergoes significant hydrogen addition

reactions. Coupling of the C2Hx reaction manifold to the C1Hx reaction manifold is through the reaction of the

ethane radical and a hydrogen atom to make two methyl radicals, while coupling of the C1Hx reaction manifold to

the C2Hx reaction manifold is through the three-body recombination of methyl radicals to form ethane. The quality

of the agreement between of the model and eight experimental mass spectra provides very strong evidence that the

maj or reaction pathways in ECR microwave plasmas are neutral-neutral reaction presented previously.
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Table 1. Reactions and Arrhenious Rate Parameters

Reaction A

C2H6 + H _ C2H5 + H2 5.4 x 102

k = A (T) B e-Ea/RT

B

3.5

E_ (J)

21,725

C2H5 + H _ C2H 4 ÷ H2 8 xl012 0

C2H 4 + H _ C2H 3 ÷ H2 1.5 xl0 TM 42,614

2 xl013

6 x 1013

C2H 3 + H _ C2H2 + H2

C2H 2 + H -+ C2H + H 2 99,015

CH 4 ÷ H _ CH 3 ÷ H 2 2.2 x 104 3 36,765

CH3 ÷ H _ CH2 ÷ H2 7.2 x 10 TM 63,086

4 x 1013CH2+H --* CH+H2

C2H 6 + CH3-+C2H 5 + CH 4 5.5 x 10 -1 34,676

C2H 5 ÷ CH3--*C2H 4 ÷ CH 4 7.9 x 1011 0

C2H 4 ÷ CH3--*C2H 3 ÷ CH 4 2.27 x 105 2 38,511

C2H 3 ÷ CH3-+C2H 2 ÷ CH 4 7.9 x 1011 0

C2H 3 ÷ H +M----_C2H 4 +M 2.6 x 1017 403,584 + AGr_I

C2H2+ H +M---_C2H3+M 4.2 x 1041 -7.5 94,838 + AGr_I

C2H+H+M---_C2H 2 +M 4 x 1016 44,703 + AG_

4x 105

8 X 1026

1 x 1016

5.4 x 102

C2+H+M _C2H+M 2.4

-3

3.5

CH3+H+M _CH4+M

CH2+H+M _CH3+M

C2H 5 + H2-+C2H6+ H

4,178

370,321 + AG_,_

21,725 + AG_,_

C2H 4 +H2----_C2H 5 +H 8 xl012 Aarn _

C2H 3 +H2----_C2H 4 +H 1.5 xl0 TM 42,614 + AG_I

C2H 2 +H2-+C2H 3 +H 2 xl013 Aarn _

C2H+H2--+C2H2 +U 6 x 1013 99,015 + AGr_

CH 3 + H2---_CH4+ H 2.2 x 104 3 36,765 + AG_

CH2 + H2_CH3 + H 7.2 x 10 TM 63,086 + AG_

CH+H2 --* CH2+H 4 x 1013

5 x 1015 -2.4C2H4+ H-+C2H5

AGr>al

153,328 + AG_,_

C2H2÷ H 2 ÷ M _ C2H 4 ÷ M 2.6 x 1017 240,646 + AG_,_

C2H 5 ÷ H _ CH 3 ÷ CH 3 2.8 x 1013 0

C2H 4 + H -+ CH 3 + CH 2 2 x 1013 AGrxa_

C2H 4 + H _ CH 4 + CH 6 x 1013

3 x 1013C2H 3 + H _ CH 3 + CH

AGr>a_

AGr>al

C2H 6 -+ CH 3 ÷ CH 3 9.4 x 1045 -9 420,713

5 X 1018

3.4 X 1041

2.6 X 1017

C2H5-+C2H4 + H

C2H 6 + M _ CH 3 + CH 3 + M

C2H 4 +M-+C2H 2 + H 2 +M

C2H4+M-+C2H 3 + H +M 2.6 x 1017

-2.4

-7.03

153,328

11,543 + AGr_

240,646

403,584

C2H 3 +M ---_C2H 2 +H+M 4.2 x 1041 -7.5 94,838

C2H 2 +M---+C2H+H+M 4 x 1016 44,703

CzH +M--+C 2 + H +M 4 x 10 s 2.4 4,178 + AG_

-38 X 1026CH4+M _CH3+H+M

CH3+M _CH2+H+M 1 x 1016

AGr>a_

370,322

CH 3 ÷ CH 3 ÷ M _ C2H 6 ÷ M 3.4 x 1041 -7.03 11,543

CH3+CH3-+C2H 6 9.4 x 1045

2.8 x 1013

-9

CH 3 + CH 3 -+ C2H 5 + H

420,713 + AG_,_

AGr>al

CH 3 + CH 3 --* CH 4 + CH 2 1 x 1013 AGrxa_

CH 3 + CH 2 _ C2H 4 + H 2 x 1013 0

CH + CH 4 -+ C2H 4 ÷ H 6 x 1013 0

3 x 1013CH + CH 3 _ C2H 3 + H

5.5 x 10 -1C2H 5 + CH4-+C2H 6 + CH 3 34,676 + AG_,_

C2H 4 + CH 4 --* C2H 5 + CH 3 7.9 x 1011 AGrxa_

2.27 x 10 s 2

7.9 x 1011

C2H 3 ÷ CH4--+C2H 4 ÷ CH 3

C2H 2 + CH4-+C2H 3 + CH 3

38,511 + AG_

AGr>al

CH 4 + CH 2 --* CH 3 + CH 3 1 x 1013 0
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Figure 1. Supersonic pulse, plasma sampling mass spectra of 4% carbon in hydrogen and 4% carbon in
deuterium ECR-Microwave plasmas using four different hydrocarbons as feed gases.
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Figure 2. Simulated mass spectra of 4% carbon in hydrogen/deuterium for four different hydrocarbon feed
gases assuming the conditions: 10.6Pa, 490K, 200ms residence time and 40% dissociation of the
hydrogen/deuterium.
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ABSTRACT

Using EPR and IR spectroscopy we have studied crystals grown in nonconventional systems, prepared

by temperature-gradient growing on a seed crystal, and synthesized from hydrocarbons. We discuss special

features spectroscopic characteristics, which demonstrate the feasibility of synthesizing diamond crystals which

do not differ from natural diamonds in defect-impurity composition (and thus physico-mechanical properties).

Keywords: spectroscopy, diamond, temperature gradient, nitrogen, hydrocarbons

INTRODUCTION

Among aggregate nitrogen impurity centers typical of natural diamonds, the A center is the most

common one. Diamond crystals containing impurity nitrogen solely in the form of the A center axe rare in

occurrence. Although the A center is usually accompanied by other aggregate nitrogen impurity centers - B 1

and B2 (like the A center they axe non-paxaxnegnetic centers), it is dominant. The occurrence of natural

diamonds which axe placed into the category of nitrogen-containing crystals (type Ia), exceeds 95%.

It is appropriate to emphasize here that the concentration of aggregate impurity nitrogen in high-
quality natural diamonds (including gem-quality crystals) can be as high as 102o cm 4. Absolutely opposite to

natural type Ia diamonds axe impurity-free crystals classified as type IIa. Such crystals are quite rare (their

occurrence is less than 5%. These crystals have the highest thermal conductivity (ref. 1), which is the reason of

an increased interest they attract. Commercial synthesis of diamonds yields crystals, which axe classified as type

Ib according to spectroscopic characteristics. The impurity nitrogen in these crystals is solely in the form of

single isolated substitution atoms (the paxaxnagnetic nitrogen C center) whose coming into the lattice obeys the

random distribution law (as distinct from ingress of impurity nitrogen into natural diamonds). These crystals axe

somewhat inferior to natural diamond in some physico-mechanical and performance characteristics. Therefore,

the attempts of scientists to synthesize diamond close to type Ia and IIa natural diamonds in impurity-defect

composition seem to be justified. The impurity nitrogen, being an indicator of the diamond crystal growth

conditions, taxes an active part in the formation of strength, optical, thermal, and electrophysical properties of

these crystals. The difference in properties between synthetic and natural diamond crystals depends greatly on

the structural state of impurity nitrogen in them. It is known that during high pressure-high temperature action

on synthetic diamonds in their thermodynamic stability region the impurity paxaxnagnetic nitrogen transforms to

non-paxaxnagnetic A and Blnitrogen centers typical of natural diamonds (ref. 2).

An alternative way of synthesizing diamond crystals, which would be close to natural ones in

impurity-defect composition, is to provide conditions facilitating the formation of such crystals directly during

the synthesis. The prerequisites for successful implementation of this alternative include the possibility of

changing the impurity composition of the crystals by varying the synthesis conditions, the presence of variously

aggregated paraxnagnetic nitrogen complexes in statically synthesized diamond and yielding large diamond

crystals by the growth on a seed. Given below axe the results of investigation of synthetic diamond crystals and

diamond materials by these methods along some routes where, in our opinion, significant advances have been

made in synthesizing diamond crystals close to type Ia and IIa natural diamond in defect-impurity composition.

EXPERIMENT AND SAMPLES

All investigations were performed at room temperature. We obtained the EPR and FMR spectra using

an updated SE/X-2547 microwave spectrometer (Radipan), and the IR absorption spectra using a UR-20 prism

spectrophotometer. We have studied synthetic diamond monocrystals of about 2 mm in size, which were grown

on a seed by a temperature-gradient method in the Ni-Fe-C system; diamond crystals which were prepared in

the Mg-C system by gloving on a seed with some additives; diamonds synthesized from hydrocarbons in a
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standardhigh-pressureapparatuswithoutaddingsolvent-metaJs,attheInstituteofHigh-PressurePhysicsofthe
RussianAcademyofSciences.

RESULTS AND DISCUSSION

Synthetic diamonds seed-grown by a temperature-gradient method.

A comparison of EPR spectra given in Figure 1 shows that the spectrum of the seed-grown crystal is

a superposition of a line triplet g = 2, 0025 (due to a single substitution nitrogen atoms) and a wide single line of

exchange-bound paJcamagnetic nitrogen pairs and complexes. The total concentration of paJca_nagnetic nitrogen

in these crystals is about 4.1019 cm -3. The fraction of paJcamagnetic nitrogen complexes is 70 to 80% of the total

content of paJca_nagnetic nitrogen (ref. 3). The EPR spectra measured at liquid-nitrogen temperature exhibit no

line with g = 2.032 due to nickel atomic impurity (the EPR spectra of natural diamond do not contain this line
either).
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Figure 1. EPR spectra of a seed-grown crystal (1) and synthetic diamond containing nitrogen in the form

of single substitutional atoms (2).

Figure 2. IR absorption spectra of statically synthesized diamond (1), a crystal grown on a seed by the
temperature gradient method (2), and type Ia natural diamond (3).

A special feature in the single-phonon (impurity) region of the IR absorption spectrum (Figure 2) of

the seed-grown diamond crystal is increased absorption intensity at 1282 cm -1, which is not typical of spectra of

the type Ib synthetic diamonds. This can be attributed to neither non-para_nagnetic impurity D center (nitrogen

and boron atoms in neighbor substitution positions (ref. 4)) because there is no sharp band at Raman frequency
(1332 cm -1) nor absorption due to non-compensated boron acceptors (as in the case of semiconductor diamonds)

because otherwise there should be intensive 2465 and 2810 cm -1 lines due to purely electron transitions.

Therefore, the excessive absorption at 1282 cm -1 in the spectrum of the seed-grown crystal can be only due to

non-paJca_nagnetic nitrogen in the form of paired impurity A centers, which agrees qualitatively with the EPR

data on an increased content of paramagnetic nitrogen pairs and complexes in these diamond crystals.

The concentration of the C and A centers (Arc and Na, respectively) in the seed-grown crystals was calculated by

the equations which had been derived in the course of solving a spectrophotometric problem for a two-

component system and were similar to equations (14) in (ref. 5). In doing so, the coefficient of proportionality

between the concentration and the absorption factor at 1135 cm -1 was taken as 1.6.10 TM cm -2 (ref. 6) in the case

of paJca_nagnetic nitrogen and 5.8"10 TM cm -2 (ref. 7) in the case of non-paJca_nagnetic nitrogen (at 1282 cm 1). The

calculations have demonstrated that the content of the A centers in the samples varies from 3.1019 cm -3 to 7.1019

cm 3. In view of the EPR data on para_nagnetic nitrogen, it gives the fraction of 40 to 60% of the total content

of impurity nitrogen in the crystals. The volume distribution of impurity nitrogen was studied by a method of

local spectrophotometric analysis on several samples. We compared the IR absorption spectra of peripheral and

central zones of the crystals. The area of these zones is equal to about two thirds of the total cross-sectional area

of the sample. It turned out that the content of impurity nitrogen in the central zones of the crystals is higher and
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theNo/NA ratio noticeably lower in comparison to the peripheral zones. When passing from the central to the

peripheral zones, Nc decreases, on the average, by 17%, while NA by about 36% (i.e. almost twice), which

agrees with the common concept of the structure of these centers. With a random distribution of impurity

nitrogen in diamond crystals synthesized by spontaneous crystallization, the fraction of non-para_nagnetic

nitrogen impurity centers is negligibly small (and is not revealed in the IR absorption spectra) (ref. 8) even in

the case of high concentrations of paxamagnetic nitrogen. Therefore, the formation of a large amount of the A

centers can be attributed to the special features of crystal growth under the condition of a temperature gradient

(low growth rates, long p,T-action, etc.). Analysis of the experimental findings shows that the A centers form

mainly through entering of atomic nitrogen into a lattice point which is adjacent with one already occupied by a

nitrogen atom. In this case, the entering of nitrogen atom into the crystal volume does no longer obey the

random distribution law: according to this law, with the total nitrogen concentration in diamond crystals being

about 5"1019 cm -3 the fraction of non-para_nagnetic centers must be less than 10% (ref. 8). The formation of the

A centers through transformation of the C centers seems less likely. First, using the experimentally found value

of nitrogen aggregation rate at 1700 K (ref. 9) and applying a kinematic equation proposed in (ref. 2) we can

find that under the p,T parameters of growing the diamond crystals under study it will take more than three

months to reach a 50% degree of the C--->A center transformation. Second, one of the grown crystals still had a

seed crystal whose impurity nitrogen was solely in the form of the C centers.

The results of investigations demonstrate that under specially preset and controlled growth conditions

one can obtain diamond crystals, which would approach the most abundant type of natural diamonds, i.e. type

Ia, in the state of impurity nitrogen. This proves the potential of synthesizing large crystals close to natural ones

in their physicomechanical properties, by a temperature-gradient method of growing on a seed. The present

findings suggest also that the formation of type Ia diamonds under natural geological conditions might occur in

a similar way, i.e. at a temperature gradient.

Special features of the EPR spectra of diamonds grown in non-conventional growth systems.

Earlier (ref. 10) we reported the results of spontaneous diamond synthesis in the Mg-C system with

various additives, which allowed us to obtain diamond crystals with controllable semiconductor properties. The

main disadvantage of this method is that the synthesized crystals axe very small (about 0.5 _tm). The samples

studied in the present work were prepared in the Mg-C system by growing on a seed rather than by the

spontaneous synthesis method. The EPR spectrum (Figure 3) of these diamond single crystals is a classic

nitrogen triplet (AHm - 0.3 Gs, g = 2.0025) with a low nitrogen concentration (Nc - 1016 spin/cm3). The sample

contains neither atomic Ni impurity nor ferromagnetic inclusions. In all parameters this EPR spectrum is similar

to that of natural diamond crystals with low nitrogen content.

4Gs

.... ft 1

Figure 3. Manifestation of the 13C (1) and lSN (2) isotopes in the EPR spectrum of the single crystal grown

on a seed in the Mg-C system.

Among distinct features of the grown sample under consideration are its good cut, large size (2-3

mm), an increased content of non-paxa_nagnetic nitrogen aggregate centers (according to the IR spectroscopy)

and full absence of paxamagnetic non-impurity structural defects, which may be revealed by the EPR method.
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Contrastingly,thespontaneouslysynthesizedcrystalswiththesamelowconcentrationsoftheCcenterscontain
usuallyalargeamountofstructuraldefectssuchasdislocations,interstitialatomsandvacancies,whichmanifest
themselvesinthesuperpositionofasingledefectline(withg=2.0027andg=2.0029)inthespectrumcenter
andleadtoanincreasedintegralintensityofthecentrallineincomparisontothesatellites.

Onthissample(owingtoitsuniqueproperties)wewereabletoobserveanumberoffineeffects,
namely:thesuper-ultrafineinteractionofelectronsofsinglenitrogencenters(whichdonotinteractionwitheach
other)the13C(I = 1/2)isotopeatomslocatedin thenearestneighborhoodof nitrogen(ref.11)(without
purposefuldopingthenaturaloccurrenceofthe13Cisotopeisabout1%).Neareachoftheofthethreelinesof
themainnitrogentripletthereaxethreepairsofgood-resolutionweaklines.Thecalculateddistancesfromthese
pairsoflinestothecenterofthemainlinesofthenitrogentriplet(2.2,4.6,and6.4Gs)andthedistances
betweenthelinesofeachpair(4.4,9.2,and12.8Gs)axeingoodagreementwiththeresultsreportedin(ref.12).
Besides,theEPRspectrumofthissampleexhibitstwoweaklinesassociatedwiththepresenceofthe15N

isotope with its own nuclear spin I = V2 (natural occurrence of 15N is 0.365). The validity of attributing these

lines to the 15N isotope is confirmed by the fact that the ultrafine interaction constants calculated from the

experimental spectrum (All = 57.2 Gs, A± = 41.0 Gs) coincide very closely with the results obtained in (refs. 12,
15

13) for natural diamonds and synthetic diamonds doped with the N isotope.

Thus, the crystal under study is an analog (in the impurity-defect composition) of natural diamonds

and can serve as an ideal object for investigation of ultrafine and super-ultrafine interactions with the 13C and

15N isotopes of limited occurrence. For this purpose there is no need of an expensive doping of synthetic

diamonds with the isotopes.

Diamonds synthesized from hydrocarbons.

We studied diamonds synthesized from hydrocarbons in a standard high-pressure apparatus without

adding solvent-metaJs, at the Institute of High-Pressure Physics of the Russian Academy of Sciences. Thermal

destruction of hydrocarbons was carried out at thermodynamic parameters corresponding to the diamond

stability region (ref. 14). The crystals synthesized under these conditions axe mainly in the form of octahedrons,

they are colorless and transparent.

The EPR spectra of these diamonds have the following main features:

1. The EPR spectrum contains the triplet of lines (typical of diamond powders) with g = 2.0025 due to

nitrogen atoms which substitute carbon in the diamond lattice. The nitrogen concentration is about

(1-2).1018 cm -1. We revealed no EPR signals from any paxamagnetic structural defects. Also, we did not

observe a line with g = 2.0324 (nickel atomic impurity).

2. No FMR spectrum was recorded. This suggests that these diamond crystals contain no ferromagnetic
inclusions.

3. By adding nitrogen-containing organic materials to initial hydrocarbons, one can easily vary the content of

impurity nitrogen in diamond from 10 TM to 10 20 cm-3. Diamond crystals with a nitrogen concentration _>1019

cm -3 are yellow in color.

4. Adding of boron-containing organic compounds results in a decreased concentration of paxamagnetic

nitrogen centers down to 1017 cm -3 and below. In this case, these diamond crystals become black and

increase their electric conductivity.

5. As distinct from the crystals synthesized from graphite in the presence of a Ni-Mn solvent, the nitrogen

centers revealed by the EPR method in diamond crystals synthesized from hydrocarbons exhibit a deviation
from random distribution.

6. In the case of diamonds synthesized from hydrocarbons, the width AHm (between the extremum points on

the derivative of the absorption curve) reaches 3.5-4 Gs (in the case of synthetic diamonds prepared using a

metal solvent, AHm for nonsaturated EPR lines does not exceed 2.5 Gs).

The revealed deviations from random distribution of the nitrogen impurity can be associated both

with initial caxbon-containing material and with the synthesis process proper. In hydrocarbons with amine

groups the nitrogen distributed is quite orderly rather than random. Conceivably, when entering into synthetic

diamond crystals as an impurity, nitrogen atoms retain a part, though quite insignificant, of the above-mentioned

orderly pattern.

The EPR lines of nitrogen with a width AHm = 3-4 Gs axe observed only in the natural diamond

crystals which possess a considerable concentration of paxaxnagnetic nitrogen. In such crystals nitrogen is

usually distributed no uniformly and its concentration grows in the direction from the center towards the edge of

the crystal (ref. 11), and the ratio between concentrations of single and complex nitrogen centers is indicative of

the clustering of nitrogen impurity. The presence of the EPR spectrum of nitrogen with lines of different width

suggests that the conditions of formation of natural diamond crystals during their growth undergo abrupt

changes. It is the yellow-green outer zone which the EPR spectrum of nitrogen with lines of width AHm = 3-4

Gs can be attributed to. It can be assumed that the conditions of diamond formation from hydrocarbons simulate
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toacertainextentsomestagesofgrowthofnaturaldiamonds.It islikelythatnaturaldiamondstoohavesome
orderlydistributionofimpuritynitrogeninsideindividualzones.

CONCLUSION

Thus,in all thedirectionsstudiedweobtainedthedatawhichindicatethatthespectroscopic
characteristicsofthesyntheticdiamondsunderstudyareclosetothoseoftypeIaandIIanaturaldiamonds.The
findingsofthepresentworkcanserveasscientificsubstantiationofthefeasibilityofsynthesisofdiamond
crystalswhichwouldnotdifferindefect-impuritycomposition(andthusinphysico-mechanicalproperties)
fromthebestsamplesofnaturaldiamonds.
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Abstract

Diamond films with dominant (100) texture were grown with a temperature gradient

across the Si(100) substrates using hot filament chemical vapor deposition technique.

Deposition was carried out with 0.8% CH4 in balance hydrogen at average substrate

temperature of 880°C. The deposition pressure was varied between 26.61x 102 Pa to

159.96x 102 Pa. Films were characterized using X-ray diffraction (XRD), scanning

electron microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR). XRD

shows very strong (400) reflection in all the samples. SEM results shows smooth

diamond surface comprised of (100) platelets. As the (100) diamond plates were grown

on top of the (100) oriented silicon substrate the faces are more or less aligned parallel

with the substrate surface resulting in a relatively smoother diamond surfaces. FTIR

studies show novel features in the films. Quantitative analysis was carried out to measure
the H content in the films.

@author for correspondence.

E-mail: mrdesh@phy.iitb.ac.in
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Experimental

The deposition of the films was carried out in a HFCVD apparatus whose details are

discussed elsewhere (16). Mirror polished p-type Si (100) wafers were used as substrate.

The substrates were treated with 2gm diamond powder and cleaned ultrasonically in a

acetone bath. Prior to the deposition of the thin film heater the substrates were dipped in

HF followed by de-ionized water cleaning in order to remove the active oxide layer of

silicon. Few depositions were done on the substrates without treatment with diamond

powder for comparison. Chromium thin film heater was deposited in thermal evaporation

unit on the backside of the substrates for the generation of the gradient Prior to the

introduction of the reactant gases, the gradient was created across the sample by applying

dc power to the heater. The gradient was measured at both ends of the sample using

chromel-alumel thermocouples. The reactant gases were methane and hydrogen at the

flow rates of 1.6 and 200 sccm, respectively. The average substrate temperature was

measured at the center of the substrate and was held constant for all depositions at 880°C.

The substrates were treated with hydrogen plasma for half an hour prior to the deposition.

Self-standing diamond sheets were used for IR analysis by making a window of diameter

6-7 mm in the center by chemical etching.

Results and Discussions

Typical SEM micrographs of the samples deposited with temperature gradient across

substrate show that the films contain dominantly (100) oriented grains. Moreover the size

of the grains increases significantly with the increase in temperature gradient. At lower

gradients the crystal size was less than 1gm. As the gradient increases further the crystal

size exceeds lgm subsequently increasing to about 3.6 gm for a gradient of 150°C cm -1.
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Thedensityof thegrainshoweverdecreasesasafunctionof thegradient.Any further

increasein thegradientresultedin lossof theorientationandthedensityof thegrains.

Thesampledepositedat 159.96x102Pawithoutgradientshowsa surfacemorphology

typically observedin verypoor qualitydiamondfilms Thegrainsaretypically having

cauliflowerstructureevidentlycontaininglargeconcentrationof non-diamondcarbon

impurities.Appearanceof strong(400)peakin XRDpatternalsoindicatesthegrowthof

(100)orienteddiamondfilm.

In orderto understandthemechanismresponsiblefor theformationof (100)oriented

grainswe depositedthefilms onthesiliconsubstratesfor variousdepositiontimeswith

andwithout the gradient.Bareuntreatedsilicon (100) substrateswere subjectedto

Hydrogenplasmaetchingat 880°Cwith andwithoutthegradientwith anobjectiveto

revealthestructuraltransformationonthesurfaceof thesubstratethatmight leadto the

orientationof thegrains.It is notedthatthesiliconsurfacedevelopsmicro-poreswhen

subjectedtohydrogenplasmaetchingin presenceof thetemperaturegradient.Thesizeof

theporesonthesurfacerangesfromsubmicronto 1-2micron.In contrastnoporescanbe

seenonthesiliconsurfacesubjectedto Hydrogenplasmaetchingwithoutthegradient.

We stronglybelievethatthegrowthof (100)orienteddiamondgrainsis directlyrelated

to theformationof theporeson thesiliconsurface.Theetchingof the siliconsurface

resultsin the exposureof underlying(100)orientedsiliconsurfacethat mightactasa

nucleationcenter.

Recently,considerabledebatepertainingto thegrowthmechanismof (100)and(111)

orienteddiamondgrains is goingon. Severalgrowth modelshavebeenpresented.

HREELSmeasurementswereconductedin situ on as-grownhomoepitaxialdiamond
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(111)surfaceandhighlyoriented(111)diamondfilmsgrownonSi (001) andthepeaks

correspondingto the stretchingandbendingC-H vibrationwere foundto be present.

Basedontheseresultsit hasbeenconcludedthatthe(111)growthoccursin atwo-stage

process.Using HREELSstudiesthe diamond(100) surfacesgrownat 800°Cwere

investigated.TheHREELSspectrashowedthepresenceof onlythepeakscorresponding

to thevariousmodesofsp3CH2radicals.Thisstronglysupportsthatthegrowthof (100)

orienteddiamondtakesplacevia CH2species.IndeedweobservethattheFTIRspectra

in the(100)orienteddiamondfilmsconsistmostlyof sp 3 CH2 bands.

The FTIR spectra in the range 2800cm -1 and 3100cm -1 of (100) oriented and (111)

oriented diamond films. Both the films were deposited at a pressure 159.96x 102 Pa and

temperature 880°C. The spectrum of (100) oriented samples show dominant sharp peaks

at 2930 cm -1 and 2860 cm -1 corresponding to asymmetric and symmetric stretch bands of

sp 3 CH2 group. The spectrum also shows weak bands at 2960 cm -1 and 2880 cm -1 related

with sp 3 CH3 asymmetric and symmetric stretch bands. It is noteworthy that no peak

corresponding to sp 3 CH vibration is present. The spectrum of (111) oriented films on the

other hand contains the multiple bands corresponding to sp 3 CH3, sp 3 CH2 and sp 3 CH

groups which appears as a broad band. It should be mentioned however that the quality of

the films deposited without the gradient at 159.96x 102 Pa is very poor and that may also

affect the FTIR spectra. From these results we conclude that the growth of (100) oriented

diamond proceeds via dominantly CH2 species. This is also confirmed by HREELS

studies in which it is observed that (100) surface of diamond are terminated by CH2

radicals.
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Diamond Micro Crystals Grown by CVD Method

Abstract

Hsiao-Kno Chung and James C. Sung

KINIK Company, Taiwan, R_O.C.

Hot filament CVD method can be used to grow micron sized diamond crystals in the quantity of several

millions per square centimeter. These crystals are euhedral with fully developed facets. Such uniform shaped
crystals can be sized easily with tight distribution. When they are used to polish workpieee, they may not cause

conspicuous scratches. Moreover, the smooth surfaces of these whole crystals can minimize the amount of

adhered impurities, so the contamination of workpiece may be avoided. The micro diamond crystals so grown

are the ideal superabrasive for polishing high valued materials such as semiconductors and other electronic
devices.

Key Words: Chemical Synthesis, Hardness
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Abstract

Diamond may be converted directly from a non-diamond carbon source in microseconds by a displacive

movement of atoms without diffusion, or synthesized catalytically in minutesby reconstructive means with

the transport of atoms. The diamond formation pressure and temperature are dependent on the time scale

and the structure of the carbon source. The instant conversion may occur with zero-dimensional carbon

(point-like sp° atoms) by PVD, one-dimensional carbon (line-like sp I chains) by dynamite detonation, or

two-dimensional carbon (plane-like sp2 surface) by shock wave compaction. The timely synthesis may

proceed with two-dimensional (sp 2) graphite (e.g., by puckering recrystallized flakes in a molten catalyst,

or with three-dimensional (sp 3) diamond-like molecules such as solute atoms in a molten catalyst (e.g., by

temperature gradient method), or caged atoms in methane molecules (e.g., by CVD).

The approximate activation energies (E) for the major diamond synthesis methods may be estimated from

their reaction mutes. The threshold pressure and temperature for each of these synthesis routine may be

calculated based on the estimated activation energy. The results are summarized in the following table.

C Source State Method Route Time EteV) PG_CG_p__

Plasma sp e PVD Direct Instant 0.33 16 3500

Dynamite sp I Explosion Direct Instant 0.25 12 2700

Graphite sp 2 Shock Wave Direct Instant 0.17 8.1 1800

Graphite sp 2 Puckering Catalytic Timely 0.13 6.2 1250

Solute sp a Precipitation Catalytic Timely 0.13 6.2 1250

Methane sp a Adjoining Catalytic Timely 0.09 4.3 800

Keywords: Diamond Synthesis, Diamond Catalyst, PVD Diamond, CVD Diamond
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Abstract

More than 300 tons of diamond superabrasives are made each year by high pressure method. China

makes more than 1/3 of the world production and its share is rapidly increasing.

The commercialization of CVD diamond films are yet to succeed. Chinese producers are more

competitive in this area than high pressure synthesis. Hence, the world will also see Chines dominance in this

area in the future.

Facing with such a pressure of Eastern Wind of diamond synthesis, diamond producers in Japan and

Western world must concentrate in making high grade products that Chinese cannot produce.
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ABSTRACT

In activated low pressure chemical vapor deposition (CVD) process the transformation from graphite to
diamond under low pressure is a nonspontaneous reaction, i.e. (dG_)z p > 0. There must be at least another
spontaneous reaction in the system. That is mainly the association of superequilibrium atomic hydrogen, i.e.

(dG2)zp< 0 and I(dGt)zpl<l(dGgr+l. Therefore, the whole reaction is still going toward the right side, i.e.

[(dGt)zp> 0, (dG2)zp< 0 & (dG)r.p_<0]. Here, (dGl)r.p, (dG:)zp and (dG)zp={(dGOzp+(dGa)zp } are Gibbs free energy
changes of reaction 1, reaction 2 and the whole reaction (or system) at constant temperature and pressure,
respectively. The extreme criterion of [(dG_)zp> 0, (dG2)zp< 0 & (dG)r.p = 0] is the basis of calculation for phase
diagrams. However, the calculated phase diagrams are nonequilibrium (stationary) phase diagrams. All these
calculated phase diagrams agree excellently with a lot of experimental data reported in the literature by several
research groups. These phase diagrams play an important role for guiding the industrial production of diamond

films. The situation of [(dG1)zp> 0, (dQ)zp< 0 & (dG)zeg_<0] is called reaction coupling or coupled reaction.
Coupled reactions are of great importance in biological processes and many fields of new science and technology,
including the frontier carbon technology.

After quantitative verification of reaction coupling in the activated low pressure CVD diamond process, the
equality of the 2 nd law is no longer a necessary and sufficient condition for a complex system being in equilibrium.
For a complex system including coupled reaction the equality part of the 2_ law, i.e. [(dG)zp = 0], can be subdivided
into an equilibrium part of [(dG1)zp = 0, (dG2)zp = 0 & (dG)zr = 0] and a nonequilibrium part of [(dGl)zr > 0, (dG:)zp<
0 & (dG)r,p = 0]. Therefore, the classification of thermodynamics has been drastically changed, as shown in Fig. 1.
There is a new field for the nonequilibrium (stationary) phase diagrams. The activated CVD diamond system may be
the simplest system including reaction coupling, and can be quantitatively calculated.

Modem thermodynamics

[(dG)r.p <-0]
/divided

Zero-dissipative thermodynamics Dissipative thermodynamics

[(dG)z p = 0]
........-."'_bdivide_"'---....._

Equilibrium Nonequilibrium
zero-dissipative - zero-dissipative

thermodynamics thermodynamics
[(dGl)r,p=O,(dG2)r,p=O [(dGt)r,p>O,( dG2)r,e<O

and (dG)r,p= 01 and (dG)r,p = 01

I representative ! eventClassical The a thor's

.,._s(duG)r,p < 0]
bdivide"d""-----_

Linear dissipative Nonlinear dissipative
thermodynamics thermodynamics

[(dG)r.r<0 and [(dG)r.p<0 and
linear relation nonlinear relation
between J & X] between J & X]

Onsager s Prigogine's
equilibrium nonequilibrium (stationary) reciprocity dissipative

phase diagrams phase diagrams relation structure

Fig. 1 Systematization of modem thermodynamics for complex systems including reaction coupling
Note: X and J represent thermodynamic force and thermodynamic flux for irreversible process, respectively.

Keywords: Diamond, Thermodynamics, Phase diagrams, Reaction coupling, Chemical vapor deposition
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Abstract:

Fundamental to understanding of how diamond interfaces and interacts with other materials and

environments is the Diamond Surface, its structure and chemistry. However, production of single crystal
diamond surfaces with reproducible structure and chemistry is problematic due to the metastablity of
diamond and the damage caused by traditional surface preparation techniques such as polishing, abrasive or
laser cutting, ion sputtering and annealing. The quality of the diamond surface is important to fundamental
surface science studies, the use of the surface as a template for homoepitaxial growth, and as an interface
for adhesion and bonding to other materials. This work will describe our current understanding and
methods employed for preparing high quality diamond surfaces using polishing, chemical cleaning, and
plasma treatments.
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ABSTRACT

A diamond coating enhances the resistance to scratch, and application of a diamond eoating to the

hard window of infrared sensors is beneficial. A serious problem with the infrared windows of sensor

is misting of the diamond window. If the infrared ray is transmitted through the misted diamond

window, accurate results would not be obtained. Misting-free windows would reduce the energy loss of

analytical instruments such as fourier transform infrared microscope. The sheet electron beam

irradiation (SEBI) may induce clear vision without residual impurity atoms. The misting-free dentist

mirror has been developed by SEBI treatment [1]. Therefore, we studied the influence of electron

beam irradiation on wettability of the diamond surface.

Sheet electron beam irradiation (SEBI) was homogeneously applied with an electron curtain

processor (Type:CBI 175/15/180L, Energy Science Inc., Wobum, MA; Iwasaki Electric Group Company,

Tokyo ). The sheet beam was generated by a tungsten filament in a vacuum. Since the sheet

electron beam is the most important feature, homogeneous treatment of the electron beam was

performed under protective nitrogen gas with the pressure inside the apparatus kept at atmospheric

pressure. The concentration of impure oxygen gas was below 400 ppm.

The SEBI decreased the contact angles of water on diamond surface. Namely, the water drops on

a SEBI-treated surface have a lower contact angle and higher interfacial energy than those on a non
SEBI-treated surface.

Wettability depends on the identity of the atoms that are terminated on the diamond surface [2-4].

If there is'an increase in hydrogen atoms that are terminated on the diamond surface, the wettability

decreases. On the other hand, if there is an increase in oxygen atoms that are terminated on the

diamond surface, the wettability increases.

Based on the result of x-ray photoeleetron spectra, the magnitude of the O (ls) peak on the x-ray

photoelectron spectrum increased. Since the terminated atoms on the diamond surface changed from

hydrogen atoms to oxygen atoms, SEBI enhanced the wettability and decreased the contact angle.

Keywords: electron beam, diamond, wettability, surface, x-ray photoelectron spectra
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ABSTRACT

During short-pulsed laser processing of diamond and diamond-graphite heterostructures, various fast phase

transitions (such as graphitization, melting, evaporation, and diamond regrowth) may occur on the surface and in the

bulk of diamond materials. Data on these laser-induced structural modifications result usually from post-processing

examination of the material properties, while valuable information on both the occurrence and kinetics of the laser-

induced phase transitions can be obtained from real-time monitoring of the variations in the optical/electrical

properties of a laser-irradiated region during (and after) a laser pulse action.

In addition to the transient reflectivity technique (ref. 1), we report on time-resolved measurements of electrical

resistance of graphitized layers in diamond and its changes induced by nanosecond pulses of an ArF excimer laser

(wavelength)v=193 nm, pulse duration x=20 ns) and a Nd:YAG laser ()v=-l.06 btm, x=20 ns). Two types of structures

were tested (Fig. 1). The first structure is a laser-graphitized layer on the surface of a 350-btm-thick diamond plate: a

graphitized pathway was produced by laser ablation and electroplated with gold, and after removal of gold from the

central part of the pathway a line test structure with two gold electrodes and a graphitized region in between was

formed (Fig.l(a)). The thickness of the laser-graphitized surface layer was determined from the surface profile

measurements (of laser-etched regions) with an atomic force microscope. The second structure is a buried graphitic

layer formed by 350-keV He + ion implantation in a diamond type-IIa single crystal (Fig. l(b)). The upper boundary

of the buried layer is estimated to position at the depth of 680 nm, and its thickness - of about 110 nm.

The current transients were measured with a fast oscilloscope (LeCroy 9354AL, 500 MHz) across the 50-£2

load resistance. It was found that the transient conductance of the graphitized surface layers depended on the

wavelength and incident fluence. At low laser intensities (for both wavelengths) the current pulses were identical to

the laser pulse shape (photoconductive response) and they were significantly broadened with increasing fluence,

thus showing a temperature-dependent component in the signals. As an example, Figure 2 shows the current pulses

induced by Nd:YAG laser pulsed irradiation in the first test structure at fluences lower (a) and higher (b) than the

laser-induced plasma threshold. For the buried layers, similar (but a more complicated) behaviour of the transient

conductance was observed in dependence on the incident fluence, but, in addition, the current pulse parameters were

found to vary with the number of shots. The obtained results are analysed in connection with the laser-induced

melting of carbon and internal graphitization during laser ablation of diamond films and laser irradiation of the

buried graphitic layers in diamond.

The work was supported by the Swiss National Science Foundation (projects 7SUP J062184 and 7IP62635).

Keywords: diamond-graphite heterostructures, laser irradiation, phase transitions
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Figure 1. Schematic view of two line structures tested in the experiments.
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Figure 2. Response of the line test structure, shown in Fig. l(a), to Nd:YAG laser pulse irradiation at incident
fluences lower (a) and higher (b) than the laser-induced plasma threshold.
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ABSTRACT

A p-type surface conductive layer appeared by calcium fluoride (CaF2) deposition treatment on the oxygenated

undoped diamond. Though a p-type surface conduction layer of hydrogenated undoped diamond disappears by

oxygenation and it reappears by surface re-hydrogenation, we obtained the surface conductive layer without

hydrogen plasma treatment. For reappearance of the surface conductivity, CaF2 deposition was carried out at several

temperatures employing electron beam evaporator. And the appearance of the surface conductivity depended on the

CaF2 deposition temperature, e.g. as the temperature became high, the values of carrier density increased in this

experimental range. The surface conductivity of CaF2-treated diamond had similar electrical properties to that of

hydrogenated diamond surface. The effects of CaF2 treatment on oxygenated diamond surface could be supposed to

abstract oxygen from diamond surface and to fluorinate the diamond surface leading to the elimination of surface

states and the stabilization of surface structure. And the surface conductivity depended on surface ambient.

Keywords: diamond, chemical vapor deposition, surface conductivity, calcium fluoride, hydrogenation

INTRODUCTION

Owing to its good properties such as high thermal conductivity, wide band gap and large breakdown field, diamond

is expected to be a promising candidate for applications to semiconductor devices suitable for hard electronics. Due

to the facility of the manufacture, a p-type surface conductive layer (refs. 1, 2) induced by hydrogen adsorption on

the diamond thin films is often utilized as a channel of diamond metal-insulator-semiconductor (MIS) or metal-

semiconductor (MES) devices (refs. 3, 4).

This surface conductive layer has been investigated at the various points of view. Hole density is about 1013 cm -2 in

homoepitaxial undoped diamond films, Hall mobility is about 30 - 40 cm2/V,s (ref.5) and several atmospheres

influence these electrical properties (refs. 6, 7). The surface conductivity of hydrogenated diamond disappears by

surface oxygenation and the surface conductivity reappears by exposing oxygenated diamond surface to hydrogen

plasma. Though hydrogenated diamond surface has less surface states, oxygen adsorbed on diamond surface cause a

large number of surface states and it degrades electrical properties of diamond surface (refs. 3, 8). Therefore, oxides

are not suitable for insulator on diamond and non-oxide material is hoped to get a good insulator/diamond interface.

In our previous study, it has examined that calcium fluoride (CaF2) is a good candidate for insulator of MIS structure

(ref. 9). CaF2 as an insulator is able to suppress the amount of surface states density because it is a chemical

compound made up of calcium and fluorine without oxygen.

In this study, we show that surface conductivity also appears by the treatment of the oxygenated diamond thin

films with CaF2. It is a characteristic of CaF2 that surface conduction reappears by high temperature deposition of

CaF2 on oxygenated diamond surface without re-hydrogenation. It is thinkable that this surface conduction is caused

by the fluorine adsorption on the diamond thin films. This surface conductive layer is also applicable to the diamond
MIS or MES devices as the channel.
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EXPERIMENTAL

UndopeddiamondthinfilmswerepreparedonsyntheticIb (100)diamondsubstratesbymicrowaveplasma
assistedchemicalvapordepositionmethodwithH2+ CH4gases.As-growndiamondfilmswereexposedtooxygen
plasmatoobtaininsulateddiamondsurfaceeliminatingthehydrogenatedsurfacelayer,andthenCaF2wasdeposited
ontheoxygenateddiamondsurfaceatseveraltemperaturesbyelectron-beam(EB)evaporationapparatus.Duringthe
EBevaporation,partof CaF2is dissociatedfoundoutbyemissionspectroscopyof evaporatingCaF2.Afterthe
removalof CaF2layeronthediamondbyhydrochloricacid,electricalmeasurementswerecarriedoutwithAu
electrodes.Surfacestructurewasalsoevaluatedemployinglowenergyelectrondiffraction(LEED)method.

RESULTS AND DISCUSSION

Figure 1 shows the sheet conductivity of the CaF2-treated diamond

surface conductive layers as a function of CaF2 deposition
temperature. The data reveal marked temperature dependence and E

0
the presence of the onset temperature of around 400 °C, below which co
current does not flow. Following might serve as a clue to understand ,_=

the mechanism for reappearing of the surface conduction. One is the >,

chemical reaction between evaporated CaF2 and oxygenated .->

diamond surface. Ando et al. reported that fluorination of *5
-o

oxygenated diamond surface requires high temperature and the onset _-
o

temperature is about 400 °C when CF4 plasma is employed (ref. 10). O

This temperature is close to the onset temperature of reappearance of _
¢

surface conductivity by CaF2 treatment. The other is the _c
60

graphitization of diamond surface during CaF2 deposition under high

temperature. Therefore, the crystallinity of the CaF2-treated diamond

surface was evaluated by LEED method as shown in Fig. 2. These

LEED patterns exhibit clear diffraction spot. Therefore, diamond

surface did not covered by graphitic/amorphous layer. Electrical

measurements also suggest non-graphitization of the surface, as

described later.
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Figure 1. Sheet conductivities of CaF2-
treated diamond surfaces as a function

of CaF2 deposition temperature

(a) (b)

Figure 2. LEED patterns of CaF2 treated diamond surface. Accelerating voltages are (a)

130 V and (b) 180 V.

The surface conductivity was investigated by the Hall effect measurement. The conduction type of the surface

conductive layer was p-type. Hall mobility and sheet carrier densities of the CaF2-treated diamond surface

conductive layers are shown in Fig. 3 as a function of CaF2 deposition temperature. Sheet carrier density reveals

larger temperature dependence than that of Hall mobility. The high carrier density at high temperature should reflect

the amount of reaction between CaF2 and diamond surface region. The effects of CaF2 deposited on oxygenated

diamond surface could be supposed to abstract oxygen from diamond surface and to fluorinate the diamond surface.
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Oxygenateddiamondsurfacehasahigh-densitysurfacestatespinningthesurfacefermilevel.Therefore,oxygen
shouldbeabstractedfromdiamondsurface,e.g.replacementofoxygenwithfluorineandoxygenabstractionby
calcium,forreappearanceofthesurfaceconductivity.Andit isprobablethatfluorinationofdiamondsurfaceoccurs
byfluorineradicalreachedtothediamondsurfaceathightemperaturebecausepartofCaF2evaporatinginEB
evaporatorisdissociatedbyEBirradiation.Hallmobilityalsorevealstemperaturedependence.Asthetemperature
becomeshigh,thevaluesofHallmobilityincreasebutit decreasedsuddenlyatabout550°C.Thereasondoesnot
declaredbutdiamondsurfacemaybecomeroughduringthereactionbetweenCaF2anddiamondsurface,e.g.
diamondwasetchedoffbycalciumandfluorineexcitedbyEBirradiation.Atanyrate,surfaceconductivelayer
appearedonoxygenateddiamondbyCaF2depositioneasily.Andanimportantfactortoobtainsurfaceconductivity
willbeaneliminationofsurfacestates,achievedbyremovalofoxygen.
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Figure 3. Dependence of (a) Hall mobility and (b) sheet carrier density of the CaF2-treated diamond

surface conductive layers on CaF2 deposition temperature.

The influence of atmosphere on surface conductivity was

also measured. Figure 4 shows the conductance of the CaF2-

treated diamond under low-pressure atmosphere (-10 Pa),

which depends on time and temperature. When air was

exhausted from the closed container, the conductance began to

decrease and the value seems to saturate. And then the

conductance decreased by a little annealing. At the room

temperature, when air was again introduced into the container,

the conductance began to increase and was saturated to the

previous value. This tendency was also observed on the

hydrogenated diamond surface. Ri et al. also reported that

resistance of surface conductive layer of hydrogenated

diamond decrease in low-pressure atmosphere and it recover

the previous value in the air. The surface conductivity of the

CaF2-treated diamond is sensitive to atmosphere in the same

way of that of the hydrogenated diamond. The Hall effect

measurements shown above performed after samples were

placed in the air more than 30 hours.
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Figure 4. Dependence of conductance of

the CaF2-treated diamond surface on

time and temperature.

CONCLUSIONS

Surface p-type conductive layer of CaF2-treated undoped diamond was investigated. After surface conductive

layer disappeared by oxygenation, it reappeared when CaF2 was deposited on the oxygenated diamond surface by EB
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evaporationathightemperature.Theconductivityof CaF2-treateddiamondsurfaceshowedmarkeddeposition
temperaturedependenceandtheonsettemperaturewasatabout400°C.Asthetemperaturebecamehigher,the
carrierdensitybecamelargerandthisresultshouldreflecttheamountofreactionbetweenCaF2anddiamondsurface
region.TheeffectsofCaF2depositedonoxygenateddiamondsurfacecouldbesupposedtoabstractoxygenfrom
diamondsurfaceandtofluorinatethediamondsurface.ThesurfaceconductivelayerofCaFz-treateddiamondhas
similarelectricalpropertiestothatofhydrogenateddiamondsurface.Thesurfaceconductivitiesdependonsurface
ambientandthenappearanceofsurfaceconductionseemstobeassisted.
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ABSTRACT

Polycrystalline diamond (PCD) tools commonly consist of a PCD layer sintered onto a cobalt-tungsten carbide

(Co-WC) substrate. These tools are used in diverse applications such as drilling for oil exploration, machining of

hard metal alloys and the cutting and finishing of wood chipboard. A knowledge of the stresses present in the PCD

layer is thus of great value to both tool manufacturer and end user, as both the magnitude and distribution of these

stresses affect tool behavior. In this paper, the stresses in PCD drill-bits are investigated by means of micro-Raman

spectroscopy. The position of the diamond Raman line reveals both the nature of the stress present (compressive or

tensile) and the magnitude of the stress.

It was found that the surface preparation technique, i.e. rough lapping, fine lapping or polishing, influenced the

average stress present in the PCD layer. In all three cases, the PCD surface layer was in compression, with the largest

stresses encountered in the roughly lapped sample (1.4 GPa) and the stress values decreasing with fine lapping

(0.8 GPa) and polishing (0.1 GPa). Spots with small tensile stresses were found in some polished samples.

Measurements of stress as a function of temperature for roughly lapped samples indicated a linear trend of

decreasing stress values with increasing temperature, although the stress remained compressive. Measurement of

stress at room temperature (after the heating cycle) indicated some evidence for a degree of annealing of the surface

compressive stresses.

Keywords: polycrystalline diamond (PCD), tool-bits, Raman spectroscopy, stress, temperature

INTRODUCTION

The applications of diamond, apart from it role as gemstone, are quite diverse (ref. 1). Currently it is mainly

exploited for its ultra-hardness property in cutting, grinding and polishing. The very property that contributes to its

desirability as an industrial ceramic also leads to it being extremely brittle. The solution to this problem is to make

use of sintered polycrystalline diamond (PCD), frequently with cobalt (Co) as a sintering agent. This combines the

hardness properties with increased toughness, which translates to better wear and fracture resistance under extreme

loading conditions (ref. 2).

The application environment of PCD tools is often quite hostile, and can include circumstances such as high

temperature and abrasive liquids. Certain demands are placed on the tool by the end user in terms of cost and life

expectancy. The stress state of the surface of a PCD tool is important in its functionality. A compressive stress state

opposes the formation and propagation of median cracks under impact loads, as well as the propagation of micro-

cracks already present in the PCD. A tensile stress state, on the other hand, is conducive to crack formation and

propagation. It is thus clear that the stress state of the surface of a PCD tool is of interest to both manufacturer and

end user.

Raman spectroscopy has been used quite widely in the measurement of stress in thin diamond films (see e.g.

refs. 3 to 7), but has had less application to PCD tools (ref. 8). Reference 9 compares X-ray diffraction and micro-

Raman spectroscopy as techniques to measure residual stress in diamond coatings. In the case of thin diamond films,

stresses at the diamond/substrate interface and within the diamond films have been analyzed. Residual compressive

stresses up to 7.1 GPa have been measured in thin films without delamination occurring (refs. 4 and 5), and have

been attributed to the difference in the thermal expansion coefficients between the diamond film and the substrate, as

well as the high density of microcrystalline defects in the films (refs. 3 and 4). Different facets of isolated crystals of
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CVDdiamondhavebeenshowntohavedifferenttypesofresidualstressdependingonthedominantgrowthsector
(ref.7).Inreference6acorrelationwasfoundbetweenthedegreeofsp 2 bonding present in diamond films and the

magnitude of residual compressive stress. The work on PCD tools (ref. 8) showed that micro-Raman spectroscopy

can be applied to the measurement of residual stress in PCD cutting tools with reasonable accuracy. It also illustrated

that the stress distribution in the PCD layer is not necessarily hydrostatic, and a bi-axial stress model was found to be

more appropriate.

THEORY

In Raman spectroscopy, the sample under study is illuminated with a laser beam with photons at a specific

frequency. A small proportion of the photons interact with the lattice phonons in the sample material and are

scattered inelastically. Inelastic scattering from optic modes is known as Raman scattering and the scattered photons

have a frequency shifted from the incident photons by the frequency of the mode which is characteristic of the

sample material. Diamond has a single, triply degenerate Raman peak at 1332.5 Rcm -1 (ref. 10) (units are in

wavenumbers relative to the incident laser beam wavenumber). The position of the Raman peak thus conveys

information on the nature and structure of the material under study.

In an ideal crystal, the sample would be stress free and the Raman peak would be measured at its theoretical

position. As soon as the crystal is subjected to stresses, be it externally imposed or due to internal imperfections, the

frequency of the lattice phonons is subtly affected and thus also the position of the Raman peak. In this way, careful

measurements of the shift of the Raman peak relative to its unstressed position can yield information on the stresses

present in the sample. Compressive stress results in a shift of the peak to higher frequencies, and tensile stress to

lower frequencies. In order to convert a degree of shift to a stress quantity, use is made of the coefficient of stress-

induced shift as follows:

v s. -v r = get (1)

where vr is the position of the stress-free Raman line, vs is the measured position of the Raman line, er is the

stress present (in GPa) and g is the coefficient of stress-induced shift.

The value of g has been measured under hydrostatic conditions in diamond anvil cells by several authors, and

the average value of these measurements is 2.88 + 0.17 cm-1/GPa (ref. 8). For a PCD layer on a Co-WC substrate, it

is, however, more reasonable to assume a bi-axial stress model (ref. 4). With this assumption, and following the

derivation of reference 9, the value of g for the bi-axial model is 1.92 + 0.11 cm-1/GPa, in agreement with reference

6. This value of g was used for the calculations in this paper.

EXPERIMENTAL DETAILS

The samples used in this work were cylindrical drill-bits, consisting of a Co-WC substrate with a PCD layer

sintered onto the top. The average grain size was 10 btm. The cylinders were approximately 17 mm high, 19 mm in

diameter, with a PCD layer of 0.6 to 1 mm thick, depending on the processing. Three different batches of samples

were examined, each batch with a different surface preparation. The first batch of samples had roughly lapped

surfaces, the second batch of samples had finely lapped surfaces and the third batch of samples had surfaces polished

to a mirror finish.

Room temperature (303K) Raman spectra were acquired with a Jobin-Yvon T64000 Raman spectrometer

operated in single spectrograph mode with an 1800 grooves/mm grating and a CCD detector. The 514.5 nm line of

an argon ion laser was used as the excitation wavelength. Spectra were acquired with a confocal micro-Raman

attachment, where the laser beam was focused to a 50 gm diameter spot. A motorized X-Y microscope stage was

also available and used to obtain high spatial resolution measurements. Certain samples were measured in the macro

chamber of the spectrometer, where the diameter of the spot size was - 300 gm. The PCD layer was quite opaque,

thus limiting the penetration depth of the laser to several tens of microns.

High temperature measurements were made in situ with a custom built furnace, fitted into the macro chamber of

the spectrometer. The furnace was mounted on an X-Y-Z adjustable stage with micrometer adjustments. Prior to

heating the furnace was evacuated to a high vacuum, and backfilled with low pressure argon gas to promote a

uniform temperature of the sample. High temperature measurements were only performed on the samples with

roughly lapped surfaces, as these samples gave the best signal-to-noise ratios in the spectra.
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FortheroomtemperaturemeasurementsutilizingthemotorizedX-Ystage,datapointswereacquiredas
follows:twotraversesweremeasuredacrossthediameterofeachsample,withthepointsineachtraversespaced
1000gmapart,andthetraversesseparatedby500gm.Anotherpairoftraverseswerealsoacquiredatrightanglesto
thefirstset.AteachpointaRamanspectrumwasacquired,thusyieldingamapoftheRamanspectrumintheshape
ofacrossacrossthesurfaceofthesample.Forthehightemperaturemeasurementsperformedinthefurnace,onlya
singlelineofpointsspacedat2000gmintervalswasmeasured.

ThepeakpositionwasdeterminedbyfittingaVoigtfunctiontothepeakdata.TheVoigtfunctionisa
convolutionofaLorentzianandaGaussianlineshape.Certainsamples,especiallythosewithapolishedsurface,
werefoundtohaveveryweakdiamondpeaksatcertainpoints.Inthesecases,orwherethepeakwasnotdetectable,
datapointsaremissingonthecorrespondinggraphs.

AstheexactpositionoftheRamanpeakisimportantindeterminingthenatureandmagnitudeofstresses
measured,thespectrographwasverycarefullycalibratedbeforeeachsetofacquisitions.Forthiswork,the
5460.74AlineofaHgdischargelampwasusedasthecalibrationstandard.Asareferencefortheunstressed
positionofthediamondRamanline,thepositionofthediamondRamanlineasmeasuredonatypeIIadiamondwas
used(ref.3).

ThediamondRamanlineshiftsduringchangesoftemperature(ref.12).Thisshiftwascompensatedfor
accordingtothisreferencebeforecalculatingtheresidualstressesinthePCDduringtheheatingexperiments.

RESULTS

TheEffectofSurfaceProcessing
Theeffectofsurfaceprocessingonthesurfacecompressivestressisillustratedinfigure1.Thetraversesare

shownforonesampleforeachofthedifferentsurfacefinishes.Thesearerepresentativeofourfindings.Although
largevariationsinstressoccurfrompointtopoint,thereisadefinitetrendshowingaloweringoftheaverage
compressivestresswithsuccessivesurfaceprocessingstages.Thesurfacecompressivestressaveragedoverthetwo
traversesfortheroughlylappedsamplesis1.4GPa,forthefinelylappedsamplesit is0.8GPaandforthepolished
samplesit is0.1GPa.

Asisillustratedbyfigure1,therearenoobviousstressdistributionsalongthediameterofthesamplesandthe
variationsinthemagnitudeofthestressarelargeoverrelativelyshortdistances.Thestressmeasurementswere
repeatedfortheroughlylappedsampleswithalargerdiameterlaserspot,i.e.100gminsteadof50gminanattempt
to"average"overalargernumberofgrainswithasinglemeasurement.Theseresultswereverysimilartothose
presentedinfigure1andsuggestthatthereisarandomdistributionoffluctuatingstressvaluesacrossthesurfaceof
thesample.

TheEffectofTemperature
Theeffectoftemperatureonthesurfacecompressivestressisillustratedinfigures2and3.Infigure2,the

averagesurfacecompressivestressesfortworoughlylappedsamples(AandD)arereported.It isobservedthatthe
averagesurfacecompressivestressdecreaseslinearlywithincreasingtemperature.Inthelimitednumberof
experimentsconductedit appearsthatoncoolingtoroomtemperature,thesurfacecompressivestressrecoverstoa
valuethatisslightlylessthantheroomtemperaturestartingvalue.Theerrorbarsonthemeasuredvaluesrepresent
thestandarddeviationofthestressvalues.Itcanbeseenthatthestandarddeviationdecreaseswithincreasing
temperature,especiallyforsampleD,andagainrecoverstopreviousvaluesoncooling.

Inordertoinvestigatetheapparentlineartrendinstressrelaxationuponheating,andtheinfluenceofhigher
temperatures,adifferentdrill-bitwasmeasuredto893K.Theseresultsareillustratedinfigure3.Itcanbeseenthat
theinitialroomtemperaturecompressivestressvalueishigherthantheaveragevalueextractedfromthedataof
figure1fortheroughlylappedsample,butcomparabletothehighervaluesmeasuredinfigure1.Onheating,the
compressivestressvaluesdecreaseinasimilarwaytothatobservedinfigure2.Thestandarddeviationofthe
measurementsdecreaseswithincreasingtemperaturetoalargerdegreethanfortheresultsreportedinfigure2.
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Figure 1. Compressive stress as a function of surface finish across the diameter of three different samples.
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DISCUSSION

If it is assumed that the PCD layer on the Co-WC substrate can be treated as a thin film, it is reasonable to

expect a compressive stress in the diamond layer and a tensile stress in the substrate induced by the differential

thermal contraction between the PCD and substrate during cooling from the sintering temperature (ref. 11). If it is

further assumed that the stresses are transmitted uniformly through the diamond layer, then the induced compressive

stress can be calculated to be between 1.5 GPa and 2.7 GPa. These values are comparable to the actual values

measured in this work.

When investigating the effect of temperature on compressive stress, it is clear that a reversible mechanism must

be considered to account for the largest observed changes, with an irreversible mechanism possibly contributing to a

lesser degree. A plausible reversible mechanism is the differential thermal expansion between the PCD layer and the

substrate. Upon heating the differential expansion decreases, leading to a relaxation in the measured stress, with an

increase in stress upon returning to room temperature. The apparent linear relationship between temperature and

compressive stress also supports the suggestion that differential thermal expansion is the dominant mechanism at

work during heating and cooling. The temperature data thus also suggests that the assumption that the PCD layer acts
as a thin film is valid.

There are several possible mechanisms that will account for the observed decrease in surface compressive stress

after annealing, including relaxation due to annealing in the substrate and annealing of the cobalt within the PCD

layer. The data here are not sufficient to make a conclusion as to which of these mechanisms may be operative.

The lapping process is known to introduce a compressive surface layer, primarily due to the plastic deformation

of the surface that occurs when chips are formed (see e.g. ref. 13). The observed surface compressive stress for the

lapped samples is in agreement with this.

The polishing process can be considered to be a combination of chipping and plastic flow taking place on a very

small scale. Frictional processes play a large role in the material removal, with the result that local hot spots are

formed on the diamond surface. These hot spots allow for the plastic flow of diamond and subsequent decrease in

localized residual stresses. If the annealing process is sufficiently localized, it can result in spots of tensile stress

developing.

NASA/CP--2001-210948 380 August 6, 2001



InconclusionitcanbestatedthataPCDtoolisacomplexmaterial,involvingseveralvariablesinits
manufactureanduse.It issuggestedthatusebemadeofFiniteElementModelingtoinvestigatestressdistributions
fromacomplementary,theoreticalpointofview.

ACKNOWLEGDEMENTS

TheauthorswishtothanktheNationalResearchFoundationofSouthAfricaforfinancialassistance.

REFERENCES

1. Field, J.E. (ed.): The Properties of Natural and Synthetic Diamond. Academic Press, London, 1992, 607-
636.

2. Wentorf, R.H.; DeVries, R.C.; and Bundy, ER: Sintered Superhard Materials. Science, vol. 208, 1980, 873-
880.

3. Ager III, J.W.; Veirs, D.K.; and Rosenblatt, G.M.: Spatially Resolved Raman Studies of Diamond Films

Grown by Chemical Vapor Deposition. Phys. Rev. B, vol. 43, no. 8, 1991, 6491-6499.

4. Ager III, J.W.; and Drory, M.D.: Quantitative Measurement of Residual Biaxial Stress by Raman

Spectroscopy in Diamond Grown on a Ti Alloy by Chemical Vapor Deposition. Phys. Rev. B, vol. 48, no. 4,

1993, 2601-2607.

5. Catledge, S.A.; and Vohra, Y.K.: High Density Plasma Processing of Diamond Films on Titanium: Residual

Stress and Adhesion Measurements. J. Appl. Phys., vol. 78, no. 12, 1995, 7053-7058.

6. Bergman, L.; and Nemanich, R.J.: Raman and Photoluminescence Analysis of Stress State and Impurity

Distribution in Diamond Thin Films. J. Appl. Phys., vol. 78, no. 11, 1995, 6709-6719.

7. Nugent, K.W.; and Prawer, S.: Confocal Raman Strain Mapping of Isolated Single CVD Diamond Crystals.

Diam. Related Mater., vol. 7, 1998, 215-221.

8. Catledge, S.A., et al.: Micro-Raman Stress Investigations and X-Ray Diffraction Analysis of Polycrystalline

Diamond (PCD) tools. Diam. Related Mater., vol. 5, 1996, 1159-1165.

9. Mohrbacher, H., et al.: Comparative Measurement of Residual Stress in Diamond Coatings by Low-

incident-beam-angle-diffraction and Micro-Raman Spectroscopy. J. Mat. Res., vol. 11, no. 7, 1996, 1776-
1782.

10. Field, J.E. (ed.): The Properties of Natural and Synthetic Diamond. Academic Press, London, 1992, 428.

11. Lin, T.R, et.al.: Residual Stress in Polycrystalline Diamond Compacts. J. Am. Ceram. Soc., vol. 77, no. 6,

1994, 1562-1568.

12. Herschen, H.; and Cappelli, M.A.: First-order Raman Spectrum of Diamond at High Temperatures. Phys.

Rev. B, vol. 43, no. 14, 1991, 11740-11744.

13. Richerson, D.W.: Modern Ceramic Engineering. Marcel Dekker, Inc., New York, 1982, 260-273.

NASA/CP--2001-210948 381 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

EVALUATION OF CRYSTAL DEFECTS IN (100) AND (111)
SINGLE-CRYSTAL DIAMONDS BY CATHODOLUMINESCENCE

SPECTROSCOPY

Sadao Takeuchi and Masao Murakawa

Department of Mechanical Engineering

Nippon Institute of Technology

4-1 Gakuendal, Miyashiro, Saitama 345-8501 Japan

take@nit.ac.jp Tel: +81-480-33-7624, Fax: +81-480-33-7566

ABSTRACT

The practical application of diamond films synthesized by the chemical vapor deposition (CVD) method to the

field of semiconductors is highly expected. However, even a slight crystal defect or impurities of the material may

lead to a decrease in the carrier mobility of semiconductors. Under such circumstances, the establishment of a

technique for analyzing crystal defects in diamond has been desired. In this study, we use type Ib (100) and

(111) diamonds synthesized by the high-pressure and high-temperature method; i.e., the diamond includes nitrogen

impurities. A crystal defect is introduced into the diamond mechanically using a diamond indenter, followed by the

observation of the CL spectra. The following results are obtained. 1) A broad band A peak that corresponds to

nitrogen-related defects is observed at the wavelength of 400 nrn. 2) A broad band A peak that corresponds only to

crystal defects is observed at the wavelength of 430 nm.

Keywords: diamond, band A, crystal defects, nitrogen concentration

INTRODUCTION

Since the production of high-quality diamond by the ehemical vapor deposition (CVD) method has become

possible, its application in the field of semiconductors is expected. However, even a slight crystal defect may lead

to a decrease in the performance of the semiconductors. Therefore, the establishment of a technique for analyzing

crystal defects in diamond has been desired.

In eathodoluminescence (CL) spectroscopy, emission caused by electron-beam excitation is observed,

through which it is possible to identify crystal defects and nitrogen impurities in diamond (ref. 1). It was reported

that the band A peak centered around the wavelength of 430 nm (ref. 2 to 4), which corresponds to the imperfectness

of the crystal, is broad and that the band A peak has strong correlation with mechanical crystal defects (ref. 5).

However, the relationships among the band A peak, the crystal orientation and the nitrogen concentration have not

been clarified thus far. In this study, type Ib diamond that contained uniformly dispersed nitrogen was used, and

crystal defects were mechanically introduced onto crystal faces having different crystal orientations and nitrogen

concentrations. Subsequently, changes in the position and intensity of the band A peak were observed.

EXPERIMENTAL METHODS

A commercially available type Ib tingle-crystal diamond plate (2 x 1.5 x 0.5 mm) synthesized by the high-

pressure and high-temperature method, was prepared. The crystal orientations to be observed were (100) and (111)

facets. Minute cracks which do not cause breakage were introduced to the samples by indentation using a single-

crystal diamond indenter (Rockwell C-Scale indenter, the tip diameter of which was 0.2 mm) for 30 min to apply a
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100Nload. Forobservationofthe CL spectra, a scanning electron microscope in which a liquid-nitrogen cooling

stage used to cool the samples and the CL observation system were incorporated, was used under the following

conditions: acceleration voltage, 20 kV; sample current, 20 rtA and sample temperature, 80 K.

RESULTS AND DISCUSSION

Figures l(a) and l(b) show scanning electron microscopy (SEM) results for (100)diamond and (111)

diamond, both comaining minute cracks. As shown in the figure, square and hexagonal indentation marks were

obtained for (100) diamond and (111) diamond, respectively. It has been reported that when diamond is fractured

by a spherical indenter, square and hexagonal indentation marks are formed on (100) and (111) facets, respectively

(ref. 6). Therefore, from the shape of the indentation marks obtained in this ,study, the observed diamond surfaces

were identified to be (100) and (111 ) facets

m

a)

:iiiiii!iiiii!iiiiiiii:_iiiiiii_i:i::'::':':'_:'i::'::i:i:iiiiiiii

::::::i:::_:_

:::::::_:_

b)

Figure 1 SEM images of the a) (100) diamond and b) (111) diamond at a surface

portion after indentation.

Figure 2 shows the CL images of the above samples. An emission distribution of 503 nm wavelength,

which corresponds to the H3(nitrogen-vacancy-nitrogen) center structure of nitrogen(tel. 7), is observed. In the

case of (100) diamond, a uniform emission distribution is obtained. On the other hand, in the case of (111)

diamond, a strong beltlike emission is observed, and the indentation mark is found to overlap on the boundary area

of the bdtlike emission. This finding demonstrates thal similar crystal defects are introduced into areas having

different nitrogen concenlrations on (111) diamond;

:::::::::::::::::::::::::::"'_ : ::."

:_::.-:::::: ::::::::::::::::::::::
:" ":_2:::_: " ",".'"_"

a)

i:i:i:!:!;_j::

b)

Figure 2 CLimages (wavelength: 503 nm) of the a) (100) diamond and b) (111) diamond
after indentation.
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Figure3 shows the emission distribution of the band A peak (430 nm) corresponding to the imperfectness of

the crystals. For both (100) and (I!l) diamonds, strong emissions are observed in spots in the vicinity of the

indentation marks. In addition, in the case of (111) diamond (Fig. 3(b)), band A emission corresponding to the

belt-shaped area with high nitrogen concentration is observed. In other words, the number of crystal defects in the

area where nitrogen is segregated increases.

Figure 4 shows the CL spectra of areas (A)-(F) indicated in Fig. 3. A strong peak of 503 nm wavelength,

which corresponds to the H3 center structure of nitrogen, is observed in the spectra of (A), (B) and ((2) for areas

outside the indentation marks, regardless of crystal orientation, In the spectrum of (C) for the area of (11l)

diamond with high nitrogen concentration, a weak band A peak centered at 400 nm is observed. On the other hand,

band A emission in spots (for areas (D), (E) and (F)) corresponding to pure crystal defects in the vicinity of the

indentation marks has a broad peak centered around 430 nm, regardless of crystal orientation and nitrogen
concentration.

m

Figure 3

":::....'-5_

!8?i:i::""
::;::::

a) b)
CL images (wavelength: 430 nm) of the a) (100) diamond and b) (111) diamond
after indentation.

Figure 4
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Measurement results of CL spectrum around indentafiCm mark in Fig. 3 a) and b).
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CONCLUSIONS

ChangesinbandA emissionspectraoftypelbdiamond synthesizedby thehigh-pressureand high-temperature

method were examinedby introducingmechanicalcrystaldefects.The resultsindicatedthatthebandA emission

spectracorrespondingtomechanicalcrystaldefectsexhibiteda broadpeak at430 nm forboth (100)and (III)

diamonds. Furthermore,the band A peak thatcorrespondsto nitrogenimpuritiesshiftedto a 30 nm shorter

wavelengthand exhibiteda broadpeakat400 rim.
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ABSTRACT Therelaxation process of adjacent atoms around a vacancy in bulk diamond as well as the movement of a

vacancy in diamond film were investigated by molecular dynamics simulation. The atomic interaction is described by

Tersoff's many-body empirical potential. The results show '_'_' the average relaxation magnitude of the nearest neighbor

atoms of the vacancy is outward by 0.02rim, which is in a _ greement with the results obtained by ab-initio method and

duster theory. The relaxation orientation of the nearest atoms around the single vacancy deviates from <111> _ion by

0.5°~3.0 ° before introducing the vacancy and by 0.05o-0.3 ° after introducing the vacancy into the supercelL In addition, if

one vacancy is introduced into the second layer near (001) surface of diamond film at 1800K, the vacancy diffusing from the

second layer to the first layer is observed.

Keywords: diamond, vacancy, relaxation, molecular dynamics

INTRODUCTION

Vacancy is an important kind of defect in diamond, Most properties of diamond like optical and electronic

characterization are closely related to vacancy. However, the nature of vacancies in diamond is complicated

and is not well understood since it is difficult to observe vacancies directly. From the theoretical point of view,

molecular dynamics (MD) simulation is proved to be a powerful technique that provides an opportunity to

observe and measure dynamical phenomena in diamond

While vacancies are introduced into diamond, the localized lattice relaxation inevitably happens. This

relaxation influences the perfection of diamond lattice, which plays a very important role in improving the

conductivity of diamond. Many researchers had investigated this aspect with various methods, but the results

were controversial. Mainwoods (re£ 1) and Watkins (ref,2) concluded that the nearest neighbor atoms around

the single vacancy moved with inward relaxation by ~10%. Beruer and Briddon (re£3), using ab-initio

method and cluster theory, predicted that the nearest neighbor atoms moved with outward relaxation of similar

magnitude. Joubert (ref.4) undertook Car-Parrinello molecular dynamics to calculate the movement of the

nearest and second nearest neighbor atoms, and his result reached a good agreement with the cluster model

calculation. These results were obtained by ab-initio method or duster theory, which need to expend much

calculation time and in which the calculated system is small (refs. 1 to 4). While less accurate than ab-initio

methods, molecular dynamics simulation with empirical potential is invaluable for the treatment of complex

and large system. In this paper, we will use molecular dynamics with Tersoff's many-body potential (ref.5),

which has been particularly successfully in modeling covalent system, to study the relaxation process and

orientation of every adjacent atoms around single vacancy in bulk diamond.

In addition, surface defects play a very important role in the nucleation and growth of diamond so an

understanding of defects at atomic dimensions is highly desired today. Bar-Yam and Moustakis (re£6)

calculated a high concentration of vacancies growing into a diamond surface and concluded that the vacancies

would stabilize the growth of diamond compared to graphite, at temperature and pressure in the graphite-

stable part of the phase diagram. Therefore, the behavior of the vacancy near the surface of diamond films is
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veryimportantforunderstandingtheCVDmechanismof diamond film. Halicioglu (ref.7) calculated the

formation energy for a single vacancy in the first and second layer of diamond and concluded that the

formation energy of single vacancy in the second layer is higher than that in the first layer. It implied that the

vacancy in the second layer probably move to the first layer. In addition, Mainwood (ref. 1) got the conclusion

by CL experiment that the vacancies were located within the top few Ixm of the samples after the growth

process ended. However, they didn't give the movement of the vacancy at atomic dimensions. Another target

of this paper is to simulate the movement of one vacancy in second layer near (001) surface of diamond film

at high temperature.

CALCULATION METHODS

We used Tersoff's (ref5) empirical many-body potential to describe the interatomic interaction and Verlet

algorithm (ref.8) to solve Newton's motion equations. The detailed molecular dynamics method and the

parameters of Tersoff's potential about carbon can be found in reference 5. The simulation was undertaken in

the canonical ensemble.

For bulk diamond, the temperature was 30OK. The total run time was 30ps with the integration time step

of lfs After the perfect lattice relaxed 5ps, one atom was removed from the center of diamond supercell and

resulted in a single vacancy. In the calculation of the relaxation of atoms around a vacancy, some atoms in the

supercell are always fixed (ref.4, 9). Moreover, because of the limited atoms used in the molecular dynamics,

the effects of surface on the neighbor atoms around the vacancy must be taken into account. To avoid this

spurious effect, two ways can be used: cyclical boundary condition or fixing walls whose thickness equals the

cut-off radius S. The latter method can save calculation time and is more suitable for determining the changes

in the positions of the atoms due to the relaxation (ref.10). In this paper, we used 5ax5axSa cubic (a is

diamond lattice constant 0.357nm) with 1000 atoms, and fixed the atoms in outmost three layers, whose

thickness is 0.267nm and larger than the cut-offradius 0.21nm

For diamond films, the supercell consisted of 20 layers and each layer had 25 atoms. The initial positions

of carbon atoms were on the sites at OK. The atoms in bottom three layers were fixed as the static substrate of

diamond film. Two-dimension periodic boundary condition was exposed on X-axis and Y-axis of upper

seventeen layers, and Z-axis was free. The temperature was 1800K. The total run time was 25ps with a time

step as long as 1Is. After the perfect lattice relaxed 3ps, one atom was removed from the second layer near

(001) surface of diamond film. To record the moving trajectory of a vacancy was more difficult than that of an

atom in diamond. While a vacancy in the bulk or on the surface can move only via its nearest neighbor atoms

by exchanging their position (ref 11), we recorded the trace of the nearest neighbor atoms to speculate on the

moving of the vacancy. In addition, the initial position of the vacancy was considered as a criterion and the

distance between the criterion and the nearest neighbor atoms of the vacancy at every time step can be

calculated. Then, the difference between the distance and the bond length of diamond (0.154nm), called

relaxation distance "d", can be gotten. (In bulk diamond, relaxation distance has the same meaning.) If"d" of

one of the nearest neighbor atoms around the vacancy is smaller than a critical value, we consider that this

atom have been occupied the vacancy. Thus, the vacancy has been moved to the position of the atom.

RESULTS AND DISCUSSION

Single vacancy in bulk diamond
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Theaveragerelaxationdistanceof the nearest and second nearest neighbor atoms around the single

vacancy in diamond versus time evolution is shown in Fig. 1. The nearest neighbor atoms relaxed outward by

0.02nra, which is in a good agreement with the results obtained by ab-initio method and cluster theory (refs 3

to 4). The average relaxation magnitude of the second nearest neighbor atoms is O.0007nm outward, which is

much smaller than that &the nearest neighbor atoms. In Fig.2, it is displayed that the relaxation of the nearest

and second nearest neighbor atoms and the energy of the system within 40fs before and after introducing the

vacancy. We can see that the energy rapidly increases at the moment of introducing the vacancy. For diamond

has very. strong bond, removal &one atom from the perfect lattice results in four dangling bonds and destroys

the balance of the system. Therefore, the atoms around the vacancy must move to relax the system to a lower

energy state. From Fig.2, it is seen that four nearest neighbor atoms move outward and most second nearest

neighbor atoms move inward the moment of introducing the vacancy. Due to the strong localization of carbon

valence electron wave functions and the fact that the nearest carbon atoms of the vacancy are in second-

nearest-neighbor distance, the C-dangling bonds do almost not overlag Those facts result in a substantial

outward relaxation of the nearest atoms around the vacancy in diamond (ref. 12). After lOfs of the appearance

of the vacancy, the second nearest neighbor atoms relaxed inward to their maximum magnitude, the bond

length (L) of the nearest neighbor atoms and their corresponding nearest neighbor atoms is 0.149nm, and the

energy reached its extreme small value. However, the nearest neighbor atoms continue move outward. When

the distance L is larger than OA49nm, the attractive force is gotten between the nearest and second nearest

neighbor atoms. So, the second nearest neighbor atoms move outward and the energy increased. At 3017fs,

the nearest and second nearest neighbor atoms relaxed to their maximum magnitude 0.030nm-0.035nm and

O.003nm-OOOgnm respectively. The maximum relaxation magnitude of the second nearest atoms after

introducing the vacancy is O.O04nm larger than that before introducing the vacancy. Due to the full relaxation,

the energy of the system decreased by 1.8eV. Summarily, according to the relaxation process of the nearest

and second nearest neighbor atoms, we can know that the nearest neighbor atoms have not a tendency to move

inward The second nearest neighbor atoms move inward at the moment of the introducing of the vacancy.

Later, they vibrate outward or inward, and the average magnitude of relaxation is outward by OO007nm,

which is much smaller than that of the nearest neighbor atoms.

The relaxation orientation of the nearest neighbor atoms of the single vacancy was investigated In

diamond, the directions of the four nearest neighbor atoms and the vacancy is along four body diagonals [ 111 ],

[ 1 1 1 ], [ 1 1 1 ] and [ 1 1 1 ], For the four nearest neighbor atoms are equivalent, we use <t 11> to represent

four body-diagonals direction. Before introducing the vacancy, the relaxation orientation of those four atoms

deviated from <111> direction by 0.5°~3.0 °, and by 005°--0.3 ° after introducing the vacancy into diamond.

The average angle deviated from <111> is 0.14 °, Thus, the nearest neighbor atoms are restricted to move

along <t 11> direction, as shown in Fig.3_ Due to the extreme bond strength of diamond, significant distortion

of the local tetrahedral atomic geometry would cost too much elastic energy. Consequently, small atomic

displacements occur and a significant Jahn-Teller splitting could not be achieved. Therefore, the Ta symmetry

is nearly conserved, which is in agreement with the results of Zywietz (ref. 12) and is different from that of

cluster study (re£3) predicting a Jahn-Teller distortion from Td to D2dsymmetry. Obviously, the length L will

change after introducing the vacancy. Our result shows that the average length L is 0.150nm_ shortened by

O.O04nm, as shown in Fig3.

The equation of vacancy formation energy in bulk diamond from reference 13 is as follows:

N-1 EN
e_, = EN_ _ N (1)

where e_ is vacancy formation energy, Ey total energy of perfect diamond lattice, EN._ total energy of diamond
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lattice with a vacancy, N the number of atoms in the calculation. According to this equation, we got the

vacancy formation energy 647eV. Zywietz (ref 12) used the same equation, based on the density function ab-

initio method, and got the vacancy formation energy 6.97eV. Mehaandru (ref.14) removed the bulk

coordination centrally located carbon atom from the C3sH_ and let it bind to the 3-fold site on the (111)

surface of a C22H2_cluster model. The difference between the energy of removal the bulk coordinated carbon

atom to infinity (15.8eV) and the bond strength to a 3-fold surface site (9.8eV) is the vacancy formation

energy 60eV. Bemhole (ref.15) also obtained the vacancy formation energy 7.2eV, based on local density

function pseudopotential. Empirical calculation of Swalin (ref.9) produced a value of 4.2eV for the vacancy

formation energy on the assumption that two bonds form to the surface. That calculation gave small vacancy

formation energy because the calculated stabilization energy for relaxation of atoms around the vacancy is too

high. In this work, if we take the stabilization energy (l.8eV) into account, the vacancy formation energy is

4.67eV, which is in agreement with the result of Swalin.

One vacancy in the second layer of diamond film near (001) surface

The relaxation distance of the nearest four atoms of the vacancy with the evolution of time is displayed in

Fig.4. From Fig4, we can know that at about 15ps the relaxation distance between ava and the vacancy nearly

equals -0.154nm, which shows that a_ has absolutely occupied the site of the vacancy. In other words, the

vacancy diffuses from the second layer to the first layer, which demonstrates the results gotten by Mainwood

(ref.1) that the vacancies were located within top few gm of the films at the end of diamond film growth. We

study the movement of those four nearest neighbor atoms of the vacancy and find that a_ and a_ firstly move

upward and their z-coordinate value increase 0.03nm and 0.02nm respectively. After that, they move

downward. Especially, from 5ps to abom 12.5ps, the distance between avn and the vacancy is about 0.05nm,

while that of a_ is about 0.12nm Obviously, a_ has a bigger chance to move into the site of the vacancy In

fact, a_ and a_ both can move to the site of the vacancy, but which one can locate at the site at last depends

on initial condition of the introducing of the vacancy. At about 12.5ps, a_ begins to move to the place of the

vacancy while a_ moves to its original place. On the other hand, at the beginning of the vacancy's

introducing, avB and a_4 vibrate away from the vacancy by 0.02nm, which is in a good agreement with that of

the nearest neighbor atoms of the vacancy in bulk diamond. When a_ occupies the site of the vacancy, a_

and a_4 move to their original sites, as shown in Fig4. Therefore, when a_ has absolutely occupies the place

of the vacancy, other three nearest neighbor atoms have moved to their original sites. It is obvious that the

diffusion of vacancy from the second layer to the surface of the film can decrease the distortion of diamond

lattice produced by the introduction of the vacancy. Also, in this procedure, the total energy decreases about

3.4eV. This result validates that of Halicioglu (ref.7), who suggested that the diffusing of single vacancy from

the second layer to the surface was energetically favorable.

We investigated the bonding process ofa_ during it moved to the site of the vacancy, as shown in Fig.5. L_,

L2, L3and L4 represent the distance between a_ and a_f4,a_ and a_, a,_ and a_, ava and a_ respectively. The

curves are the change of Lx (x=1,2,3,4) with the evolution of simulation time. Clearly, the lowest energy

diffusion path will be the one that involves the stretching or breaking of the smallest number of bonds (ref.3).

From Fig.5, we can know that during the diffusion of the vacancy, only one bond (L4) was broken and three

bonds were gotten. Therefore, when a_ has absolutely been on the site of the vacancy (from 15ps to 25ps),

a,_ has bonded with three nearest neighbor atoms of the vacancy; so three dangling bonds, among four

dangling bonds produced by the vacancy, are eliminated. Therefore, the lattice distortion produced by the

vacancy is greatly reduced. It implies that our simulation of the vacancy diffusion is energetically favorable.
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CONCLUSIONS

We calculated the relaxation of adjacent atoms of single vacancy in bulk diamond and the movement of

vacancy in diamond film by molecular dynamics simulation. For vacancy in bulk diamond, the results show

that the average relaxation magnitude of the nearest neighbor atoms of the singte vacancy is outward by

0.02nm, which is in agreement with the results obtained by ab-initio method and cluster theory. The second

nearest neighbor atoms around the single vacancy move inward the moment the vacancy is introduced. Later,

they vibrate outward or inward, and the average relaxation magnitude of them is 0.0007nm. In addition, the

relaxation orientation of the nearest atoms around the single vacancy deviated from <111> direction by

0.5°-3,0 ° before introducing the vacancy and by 0.05°~0.3 ° after introducing the vacancy. For one vacancy in

the second layer of diamond film, the vacancy diffusing from the second layer to first layer is observed at

1800K One of vacancy's nearest neighbor atoms in first layer moves to the site of the vacancy, and other

nearest neighbor atoms move to their original sites after the vacancy diffuses to the surface. It implies that the

difl3asion of the vacancy can decrease the lattice distortion caused by the introduction of the vacancy.
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ABSTRACT

Diamond-like carbon (DLC) films possesses the unique properties of high dielectric strength, high

resistivity, low loss, high decomposition temperature, chemical inertness, radiation hardness and good thermal

conductivity. It has been demonstrated that very thin DLC film can be deposited directly onto smooth aluminum

surfaces with good adhesion. These DLC films are amorphous and highly flexible, making them suitable for the

production of wound capacitors.

A manufacturing technique for producing high energy density DLC capacitors has been designed,

developed and demonstrated. A key feature of this technique is that oppositely directly beams of hydrocarbon ions

are produced by two 6 cm x 22 cm linear RF (13.56 MHz) inductively coupled ion guns. This allows DLC films to

be directly deposited on opposite sides of thin capacitor grade aluminum foil in a continuous mode. Pairs of the

DLC-coated aluminum foils are then rolled in a winding system to produce high energy density capacitors.

Key Word: Diamond-like carbon, ion beam technique, and high energy density capacitor

Capacitors are a pervasive technology in every commercial and military application. Millions are used in

the power systems of transportation vehicles such as automobiles, aircraft, and spacecraft. Capacitors often fail due

to increasing environmental temperature and reliability limitations arising from low voltage breakdown strength,

high dissipation factors and possible long-term drift of the dielectric constant. Increased performance and small

physical size have been the main focus of present research into capacitors with DLC dielectric.

DLC films are amorphous and flexible, and can be deposited directly onto aluminum foils, which provide

physical support to the DLC dielectric and serve as the capacitor electrode material. This allows the metal foil to be

thicker than the dielectric film thereby providing capacitors with higher energy density storage and lower power

losses than polymer capacitors of comparable size and construction. Also, since DLC films are thermally stable
above 0200 C, high temperature operation should be possible with these devices.

A schematic of the manufacturing system for producing high energy density DLC capacitors is shown in

Fig 1. The system consists of two 370-liter stainless steel chamber modules that are bolted together. Each module is

fitted with an ion gun for coating one side of an aluminum foil, which is pulled between the modules. Two 6 x 22 cm

linear RF (13.56 MHz) inductively excited ion sources generate various hydrocarbon ions with high ion beam currents.

The use of a computer controlled web-handling system permits efficient production of uniform DLC films on both sides

of capacitor grade aluminum foil in a continuous mode.
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Figure 1. Dual Ion Beam Deposition System

During deposition, a quadrupole mass spectrometer (Stanford Research System Model CIS 200) is used

with and without the ionizer to monitor the ion and neutral compositions. The ion source can operate either in RF or

current regulated mode. The typical background pressure is 1 x 10 .5 Pa, and during deposition it can rise to the order

of 10 -1 Pa. Typical parameters which are monitored during deposition of DLC films are RF power (275-425 W), ion

energy (75 - 900eV), ion current (100 mA), gas mixtures (H2/CH4 - 2,3,4), and substrate temperature (19-26 o C).

The composition of the DLC films was determined by Rutherford Back Scattering (RBS) and hydrogen

forward scattering (HFS) techniques. The electrical properties of the DLC films were determined by performing

three different types of measurements: (a) capacitance, (b) leakage current, and (c) voltage breakdown. Given the

area of the capacitors and film thickness, the dielectric constants, the resistivities and breakdown strength of the

films were obtained. The dissipation factor (Df) is the fraction of the energy lost to the dielectric when the capacitor

is charged. The Df is dependent on the resistivity and dielectric constant, and is a good measure of the quality of the

material being considered for a dielectric. It is usually measured at a frequency of 1 kHz.

A method was developed for the fabrication of parallel-plate test capacitors on glass and aluminum foil

substrates using two levels of metal electrodes, which were deposited through shadow masks. Initial wound DLC

capacitors were constructed manually to check capacitor performance.

It has been demonstrated that DLC electrical properties are profoundly dependent on the process

parameters. In general, as the ion beam energy is increased, the dielectric constant and dissipation factor are both

increased while the resistivity and breakdown strength of the DLC are decreased. The capacitance values of DLC

capacitors were found to be constant over a wide range of frequency from 10 Hz to 1 MHz with very low dissipation

factors, high DC resistivity and high breakdown strength. The capacitance values were found to be stable up to
250 °C.

The currently developed high energy density DLC capacitors offer a 50 % decrease in size, weight and

volume, and greater than a 50% increase in operating temperature over similar value capacitors built with existing

technology. These DLC capacitors are an enabling technology for the AF More Electric Aircraft, directed-energy

weapons, high power microwave and pulsed power applications, and for commercial applications in utilities, well

drilling, power supplies, aircraft, communication satellites, trains, automobiles and medical instruments.
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Low dielectric constant (k) insulators, with k significantly lower than that of presently used

SiO2, are needed for reducing the interconnect capacitances of the continuously shrinking ULSI

chips. The reduced capacitance will improve the switching performances of the ULSI devices and

reduce their power consumption.

Diamondlike carbon (DLC), which has found a variety of applications based on its attractive

mechanical, tribological, and optical properties, is also a dielectric material whose electrical

resistivity can reach values of 1016 £_2 .cm. However, the amorphous carbon materials with

diamondlike properties are characterized by dielectric constants (k) similar, or even higher than

that of SiO2 (k-4). Hydrogenated diamondlike carbon (DLC) films, typically prepared as a wear

and corrosion resistant coating, can be modified by the adjustment of the PECVD deposition

conditions to obtain materials with dielectric constants ranging from 3.3 to 2.7. Incorporation of F
in the DLC further reduces the dielectric constants to values as low as 2.4 1,2

While these are attractive values, the integration of the materials in the ULSI chips imposes

a significant number of requirements that are not easily achieved by the new dielectrics. In order

to improve the integrability and reliability of the low-k materials, a hybrid composition of DLC

and SiO2 has been developed. Carbon doped oxides, or SiCOH films, comprising Si, C, O and H

and deposited by PECVD, have achieved dielectric constant values as lower than 2.83.

One of the principal criteria for the choice of a new interconnect dielectric is its extendibility

to later chip generations, requiring further reduced k values. The reduction of the dielectric

constant of the SiCOH films could be achieved by increasing or introducing porosity in the films.

Such enhanced porosity could be produced by depositing multiphase PECVD films containing at

least one thermally unstable CH phase in addition to the SiCOH phase and annealing the films to

remove the labile phase from the material 4. With proper choice of the organic precursors and

adjustment of the deposition conditions the dielectric constant of the SiCOH films can be reduced

to values below 2.1 s.

All the materials mentioned above have been deposited by RF PECVD in a parallel plate

reactor using a 13.56 MHz rf power supply on Si substrates placed on the powered electrode, thus

being at a negative self bias. The hydrogenated DLC films were deposited from a pure

hydrocarbon, while the FDLC films have been deposited from fluorinated hydrocarbon

(fluorocarbon), or mixtures of the fluorocarbon with hydrogen. The SiCOH films have been

prepared from a helium diluted, ring structured precursor containing all components of the films.

Dual phase films have been prepared by adding an organic precursor the SiCOH precursor and

adjusting the deposition parameters. The films were annealed in helium for 4 hours at 400 °C to
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removetheunstablefractionsfromthefilms.Thedetailsof thedepositionof eachtypeof
materialcanbefoundelsewhere3'4'6.

Thedielectricmaterialshavebeencharacterizedbydifferenttechniquesin theas-deposited
stateandafterannealingandtheircompositionandphysicalpropertiesarereportedin the
previouslymentionedreferences.Thedielectricconstantsweremeasuredat 1 MHz,onMIS
A1/low-k/Sicapacitorsfabricatedon0.002_-cm,n-typeSisubstrates.Breakdownandleakage
currentsweredeterminedfromI-Vcurvesmeasuredonthesamestructures.

WhileDLCfilmsofpracticalinterest,withk<3,arenotthermallystablein theas-deposited
state,theycanbestabilizedbyastabilizationtreatment1. Thedielectricconstantmayincrease
slightlyafterthestabilizationannealbutcanbemaintainedbelow3.Theleakagecurrenttrougha
stabilizedfilmhavingadielectricconstantk 2.7was10.7A/cm2at0.5MV/cm,sufficientlylow
tomakethematerialusableastheinterconnectdielectric.

Theintegrationof DLCwithcoppermetallizationhasbeendemonstratedfortwolevelsof
Cu wires embedded in three levels of DLC dielectric 7. While significant efforts have still to be

invested in optimizing the integration processes of DLC in the interconnect structure of an ULSI

circuit and characterizing its reliability, the results obtained so far indicate that DLC has the

potential of a low-k interconnect dielectric with Cu metallization in the BEOL of ULSI chips.

The FDLC films appeared thermally at 400 °C, based on mass loss and thickness changes,

however, at 400 °C the fluorine in the films is sufficiently mobile to interacts with the layers in

contact with FDLC, weakening the interface between the layers and causing delaminations 2.

FDLC materials do not appear to have, therefore, the potential of becoming a low-k interconnect

dielectric.

The annealed SiCOH films are thermally stable and their dielectric constants can be reduced

to ultralow values of 2.15. The materials are characterized by leakage currents of about 1.10 .9

A/cm 2 at 1 MV/cm and breakdown fields in the range of 5 - 6 MV/cm. These values indicate that

the films are suitable candidates for the interconnect dielectric of the ULSI circuits. As it is

expected that the PECVD deposited films will have superior mechanical properties to spin-on

films of similar dielectric constants, the PECVD low-k films have the potential to become a

strong competitor to the spin-on low-k films as the interconnect dielectric.
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ABSTRACT

Nanostructured carbon thin films with enhanced field emission characteristics have been grown on a
variety of substrate materials. The crystalline structure, sp2/sp 3 ratio, and morphology of carbon films
depended on the method and parameters of the deposition. Good adhesion properties for the films on glass,
ceramics, silicon and metals have been achieved. Average distance between the emitters is on the order of
their height, significantly improving the field enhancement conditions over the emission area of the films.

Typical threshold electric field is 1.5 to 2 V, emission current densities reach 10 mA/cm 2 at a field of 3

V/_tm, and over 1 A/cm 2 at a field of 7 V/lam (see Fig. 1). Such low fields can be attributed to high aspect
ratios of the emitters, or low electron affinity of emission areas, depending on the type of carbon material.
The long-term stability graph for the cathodes tested in DC mode in a sealed device is shown in Fig. 2. An
emission current degradation of less than 10% after 2000 hrs operation at constant voltage was observed.
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Fig. 1. I-V curves for a Si-backed cathode
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Fig.2. Lifetime test of a cathode in a sealed device

We demonstrated the selective growth of carbon films by patterning a layer of catalytic material or by a
surface passivation technique. Low-cost carbon deposition processes developed at FEPET can be scaled up
to larger substrates (currently the substrate size is ca. 6"). The patterned emitters can find applications in
gated electron sources, field emission displays, and microwave electronics.

Keywords: field emission, carbon cold cathodes, electron guns.
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ABSTRACT

Electrically conducting thin filaments were produced in diamond-like carbon (DLC) films by heavy ion

irradiation. For this purpose, 1 GeV uranium ions were chosen since they provide the largest electronic stopping

power (dE/dx) possible and therefore lead to the highest temperature in the tracks. Due to the high temperature a

transformation of the insulating, diamond-like form of carbon (sp3-bonding) into the conducting, graphitic

configuration (sp2-bonding) occurs. The separation of the tracks from one another is determined by the ion beam

fluence while their length is determined by the thickness of the film. Atomic force microscopy (AFM) was used to

measure the topography and current mapping of the irradiated films. Hillocks of approximately 4 nm height and

conducting channels with a current enhancement of 3 to 4 orders of magnitude were found at the ion impact sites.

The resistivity of the ion tracks is in the range of 40 to 250 _cm.

Keywords: Diamond-like carbon, ion tracks, field emission.

INTRODUCTION

Amorphous diamond-like carbon (DLC) films have been studied extensively with respect to electron field

emission and application as cold cathodes in field emission displays (FEDs) (ref. 1 to 4). It was found that pure

diamond is less suitable for this purpose than defect-rich materials; the latter have lower threshold voltages for

electron emission (ref. 5). For field enhancement due to a large aspect ratio (length to diameter), long and thin

conducting filaments embedded in an insolating film and reaching from the substrate to the surface are expected to

be optimum. However, no satisfying realization has been found yet. Carbon nanotubes, with their extremely large

aspect ratio, have been applied for field emission showing very low threshold fields and high emission currents

(ref. 6 to 7). Nevertheless, long-term stability of the emission sites is limited due to continuous burning-off (ref. 8).

In this paper we present studies on conducting ion tracks in DLC films which might be useful for field emission

applications.

SAMPLE PREPARATION

The DLC films were produced by either ion beam techniques (Univ. G6ttingen) or by plasma deposition with

magnetic filtering (filtered arc method, FhG Dresden) on highly doped silicon substrates. In both cases, the C ions

were implanted into the growing film with an energy in the order of 100 eV. This is the optimum ion energy to

create diamond-like carbon by "subplantation". Such films are amorphous, contain 70 - 80 % sp 3 bonds and have a

high resistivity. In the present case the films are 50 nm (FhG Dresden) and 100 nm (Univ. G6ttingen) thick.
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ION TRACK FORMATION

The ion irradiation of the DLC films was performed at the heavy ion accelerator facility UNILAC of GSI

Darmstadt with uranium projectiles moderated down from 2.7 GeV by an aluminum foil to an energy of ~ 1 GeV

or 4.2 MeV/amu (amu = atomic mass unit). The irradiation dose for the data presented here was 1X101° ions/cm 2.

Figure 1 illustrates the evolution stages of the track formation process (ref. 9). The high energetic U ions hit the

sample which is at room temperature under a normal incidence (fig. la). They pass the DLC film and are stopped

deep inside the Si substrate (~ 55 _m). The first step in the ion track formation is the energy transfer from the high

energetic ion to the electrons present along its path through the DLC layer (electronic stopping). The energy

deposition is uniform and amounts to approximately 28 keV/nm. It occurs within a diameter of a few nanometers

forcing the atoms to move and to rearrange again (fig. lb). Due to the high energy deposition the temperature

along the ion trajectories increases up to several thousand degrees. As a result the material melts and is

transformed from insulating diamond-like (sp3-bonding) to conducting graphite-like carbon (sp2-bonding) leading

to thin electrically conducting channels embedded in an insulating matrix (fig. lc). The hillocks are formed since

material flows out of the region of the ion track during the hot stage of the track formation process. The outflow is

driven by the density reduction during the transformation from the diamond-like (P ~ 3 g/cm 3) to the graphitic

(P ~ 2.3 g/cm 3) phase.

b
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Figure 1: Evolution of conducting ion track formation (ref. 9).

Experimentally it is found (ref. 10 to 12) that continuous tracks are only formed if the energy deposition along

the ion path exceeds a critical value, which depends on the target material. Since the energy loss per path length or

stopping power dE/dx increases with the ion mass and has its maximum around 1 to 5 MeV/amu, only high

energetic heavy ions form continuous ion tracks. This is demonstrated in fig. 2a, where a TRIM (ref. 13)

calculation of dE/dx for different heavy ions is shown as a function of the beam energy. It can be seen that the

stopping power dE/dx falls off rather steeply below 1 MeV/amu. Thus low-energy heavy ions are not suited for the

formation of continuous ion tracks.
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Figure2bshowstheevolutionofthedamagemorphologyindependenceofthestoppingpowerasit is
proposedbyToulemondeetal.(ref.12).Actuallythisworkisdoneforoxidematerialslikee.g.Y3FesO12,butwe
assumethattheseresultscanalsobeadoptedtotheDLCfilmsunderinvestigationhere.Thisisalsosupportedby
theworkofPawlak(ref.14),wheretheiontrackformationinamorphouscarbonisstudied.Atlowvaluesof
dE/dx,smallsphericaldefectsappearwhichareseparatedfromeachother(regimeII).WithincreasingdE/dxthe
damagedregionsstarttooverlapformingsomewhatextendedcylindricaldefects(regimeIII).Butthesecylinders
stilldonotformacontinuoustrack.ForstillhighervaluesofdE/dx,thesecylindricaldefectsgrowfurther(regime
IV)andfinallybuildalongcylinderwherethedamageishomogeneous(regimeV).Formostmaterials
investigatedbyToulemondeetal.continuoustrackformationstartsatdE/dxvaluesgreaterthan20keV/nm.
Therefore,fromfig.2ait isclearthatheavyionbombardmentoftheDLCfilmwithAuorUataspecificenergy
between2and5MeV/amuisthebestchoicetocreatecontinuousiontracksinthismaterial.In(ref.15)
conductingiontracksinDLCwerefoundinspiteofirradiationwithrelativelylightXeions(1.1MeV/amu),but
theconductivityofthetrackswasmuchpoorerthaninthepresentcaseinagreementwiththeargumentation
showninfig.2.
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Figure 2: TRIM (ref 13) calculation of the electronic stopping power dE/dx versus specific beam energy for

different ions in a carbon target with p = 2.9 g/cm 3 (a) . The corresponding damage morphology is illustrated in

(b): The classification in regimes from H to V is based on the work of Toulemonde et al. (ref 12) and links the

defect creation process to the deposited energy in the film (see texO.

AFM-MEASUREMENTS

With regard to resolution and the possibility to measure the topography and the conductivity of the sample

simultaneously, atomic force microscopy with a conducting tip is the best choice for visualization of the ion tracks.

In the following we present AFM measurements recorded in contact mode with an air AFM using a highly doped

(0.01 - 0.025 f_cm) silicon cantilever with a tip coated with polycrystalline conducting diamond. The current

mapping was done with a fixed voltage of 2.5 V between the tip and the substrate in case of the 50 nm thick films

and 5 V for the 100 nm thick films.

Topography

Figure 3 shows the two- and three-dimensional image of the surface topography (1 X 1 _m 2) of a 50 nm thick

DLC film irradiated with 1X101° ions/cm 2 uranium ions at ~ 1 GeV. Within experimental uncertainties the number

of bright spots in the left picture corresponds to the applied ion fluence (100 ions per _m2). Hillocks with a few nm
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inheightwhicharetheresultofthetrackformingprocessdescribedaboveareseenattheionimpactsites.The
apparentwidth(FWHM)ofthehillocksis17nmasshowninFigure4b.Essentiallythisreflectsnotthetrue
dimensionofthematerialthrow-offbutreflectstheconvolutionoftheAFMtipandthehillock.

i:i:5_i:i:i

• t,

1 _m

Figure 3: Topography of a so nm thick DLC film (I X I tim 2) irradiated with uranium ions of I GeV and a dose

of IXIO 1° ions/cm 2 in two-dimensional and three-dimensional view. The hillocks have a height of 2 to 5 nm and

are due to the outflow of material from the ion tracks during the hot stage of the track formation process.

The topography image in fig. 4a is taken from the same film as in fig.3 just recorded with a higher

measurement resolution.
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Figure 4: AFM image of the topography (a) of a 50 nm thick DLC film irradiated with uranium, 1XIO 1°

ions/cm 2 at 1 GeE A topographical profile (b) is made through one of the impact sites (black line in (a))

showing a width of17 nm (FWHM) and a maximum height of approximately 3.3 nm.
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Current

ThecurrentfromthetiptothesubstratethroughtheDLCfilmwasmeasuredinthecontactAFMmode
togetherwiththetopography.Figure5showsclearlythatforeachhillockseeninthetopography(fig.5a)abright
spotappearsin thecurrentmapping(fig.5b).Thewidthofthecurrentpeakis16nm,i.e.inthesamerangeasthe
widthfoundforthehillocks.However,notethattheapparentwidthagainisaconvolutionofthewidthofthetrack
andtheAFMtipcurvature.Therealdiameteroftheiontracksisestimatedtobeapproximately10nm(ref.12).

a
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Figure 5: AFM images of the topography (a) and the current mapping (b) of a 50 nm thick DLC film irradiated

with uranium, 1XIO 1° ions/cm 2 at 1 GeV. A current profile (c) is made through one of the hillocks (black line in

(b)) showing a width of16 nm (FWHM) and a maximum current ofl.56 nA flowing from the AFM tip to the

substrate (tip-substrate voltage = 2. 5 V).

Figure 6 shows a three-dimensional view of the current (fig. 6a) and a current versus voltage curve (fig. 6b) for

a single ion track of a 100 nm thick DLC film irradiated with uranium, 1)<101° ions/cm 2 at 1 GeV.
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off track
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Figure 6: Three-dimensional current image (a) (tip-substrate voltage = 5 V) of a 100 nm thick DLC film

irradiated with uranium, 1XIO _ ions/cm 2 at 1 Ge V,,and current�voltage curve (b) for a single track (AFM tip on

top of the track). For comparison the current�voltage curve in the off track position is also shown.

Again each of the current spikes corresponds to an ion track. If the AFM tip does not contact a track the

measured current is practically zero, indicating the overall noise level of the unirradiated parts of the sample. For a

spot on the ion track the current through the track is a function of the applied voltage. In fig. 6b these two cases are
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termedas"offtrack"and"ontrack",respectively.Thedifferenceinthecurrentbetweenthistwotippositions
exceeds3ordersofmagnitude.Assuminganiontrackcrosssectionof100nm2,themeasuredcurrentat5Vgives
acurrentdensityof8×103A]cm2andthuswith100nmasthelengthofthetracktheresistivityP at this selected

point is 62.5 _cm. The different P values found for this kind of samples is in the range of 40 _cm to 250 _cm.

CONCLUSION

With heavy ion irradiation it is possible to form electrically conducting ion tracks in an insulating diamond-
like matrix. This was demonstrated in this work for 50 nm and 100 nm thick DLC films which where bombarded

with 1 GeV uranium ions. AFM measurements with a conducting tip show that there is a clear correlation between

the topographic surface image and the current mapping confirming that the current only flows at the impact

positions of the ions. From theoretical considerations and from experiments in other systems it can be assumed that

the tracks go straight through the film and have a diameter of several nanometers. The length of the tracks is

determined by the film thickness and can be extended up to several micrometers. The energy of the ions can be

chosen such that the electronic energy loss per unit length along their path through the film remains approximately

constant even for micrometer-thick films. The average separation of the ion tracks from one another is determined

by the ion fluence and can be adjusted in such a way that the emission sites in field emission applications have the

required density. The field enhancement factor for a conductor with 10 nm in diameter and a length of 100 nm

embedded in a dielectric medium is still fairly low. For a significant improvement of the field emission properties,

thicker DLC films, which then yield a larger aspect ratio of the tracks, should be used. We are presently extending

our work in this direction.
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ABSTRACT

The field emission properties of nanostructured diamond on porous Si substrate were investigated. The

porous silicon was prepared by chemical etching. The porosity was estimated to be 75% by weight method. The

thickness of the porous layer was about 10_tm. The films were grown by hot fila_nent chemical vapor deposition.

The experimental results showed that the surface structure and post-treatment have a considerable influence on
the field emission behavior of nano-diamond films. The threshold electric field was found to be 1.5MV/m after

annealing at 500°C for 6h, but 2.8MV/m at an annealing temperature of 350°C for 3h. This may be ascribed to the

elimination of some traps due to the annealing treatment. The results obtained also showed that the threshold

voltage was decreased with increasing the thickness of the porous layer. This is due to increasing surface

roughness.

Keywords: Field emission; Diamond films; Porous Silicon; CVD; Nanostructured diamond.

INTRODUCTION

With the development of flat panel displays, it becomes more and more important to approach new types of

cathode materials with a high emission current under a low eclectic field. In the last few years, chemical vapor

deposited (CVD) diamond was considered as a possible cold cathode materials due to its chemical intentness, high

thermal conductivity, negative electron affinity, and compatibility to conventional microfabrication techniques. The

experimental studies have shown that it has an emission current of 10mA/cm 2 under a low electric field of 3MV/m,

1-3 orders of magnitude lower than that of ordinary materials. Generally, electron emission from CVD diamond

films was thought to originate from defects or surface states below the conduction band or from the conduction band

itself (1 to 4)

In this paper, field emission properties of CVD nanostructured diamond grown by hot filament chemical vapor

deposition were investigated. The porous silicon was used as a substrate material. Experimental studies showed that
the surface structure has a considerable influence on the electron emission of diamond films.

EXPERIMENTAL DETAILS

The porous silicon was prepared by

chemical etching. The mirror-polished n-type

silicon wafers with resistivity of 0. l_)-cm were

firstly etched by NaOH solution in order to

remove damaged layer on silicon surface, then

cleaned by dilute HC1 and deionized water.

There were two kinds of chemical etching

solution i, e : HF: HNO3:H20=1:3:4 and HF:

HNO3:H20=l:2.5:3. Etching time was about

30min. The porosity was estimated to be

75% by weight method. The thickness of the

porous layer was about 10pm.

Diamond thin films were prepared by a

conventional hot filament CVD apparatus (5).

The porous Si substrate was ultrasonically

cleaned in acetone for 15min and subsequently
in a methanol bath for 5 min. After a short

rinse in the methanol, the substrate was placed

on a graphite holder. The filament temperature

Figure 1. SEM image of nanocrystalline diamond films

on porous Si and flat Si (a) fiat Si; (b) porous Si.
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duringgrowthwas2100°C,andsubstratetemperaturewas720°C.Themethaneconcentrationinhydrogenwas3.5%
atthepressureof4xl03Paandflowof200sccm.Thefilmthicknesswasabout200nm.Fig.la-bshowstheSEM
imageofdiamondfilmsonflatandporoussilicon.Thefilmsontheporoussiliconconsistedoffinegrainswithout
crystalfacets.

Thefieldemissionmeasurementswerecarriedoutinanion-pumpedchamberatanominalpressureof10aTorr.
Tocollectelectrons,apositivelybiasedITOcoatedglasselectrodewasmounted100gmabovethediamondfilms.A
biasof0-1100Vwasappliedbetweenthesampleandtheanodewithanareaof3mm2.TheI-Vmeasurementswere
conductedwithakeithley237-sourcemeasurementunit.AgandAuwasusedasohmiccontactsofanodeand
cathode,andaresistorof5M_wasconnectedtothecathodetoprotectthemeasurementequipment.

RESULTS AND DISCUSSION

The field emission current-voltage (I-V) plot of diamond films on the porous silicon is shown in Figure 2. The

I-V characteristics of a diamond coated porous silicon were measured at different annealing temperatures. The

emission current stability was considerably improved after the annealing treatment. The threshold voltage decreased

with the increasing annealing temperatures. The threshold voltage was about 150V when the annealing temperature

was 500°C for 6h, but 280V after annealing at 350°C for 3h. The annealing treatment was performed in a vacuum of
10-* Torr.
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Figure 2. I-V curve of field emission for

nano-diomond films on porous Si at different

annealing temperature: (a) g00°C for 6h

(b) 410°C for 3h (c) 3g0°C for 3h
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Field emission I-V plot; (a)

nano-diamond coating on porous Si; (b)
diamond films on fiat Si substrate

Figure 3b shows the field emission I-V curve of polycrystalline diamond films on the mirror-polished silicon

substrate. Fig.3a shows the electron emission of diamond coated porous silicon without annealing treatment. It is

quite obvious that there is a high threshold voltage for polycrystalline diamond films as compared with the films on

porous silicon, which is about 450V. This is because the two materials have totally different morphologies as

evidenced by the SEM images in Fig. 1.

Figure 4 shows the changes of threshold voltage with the thickness of porous Si layer. Experimental results

showed that the threshold voltage was decreased with increasing the thickness of the porous layer. The threshold

voltage of the field emission decreased from 332 V to 283 V when the thickness of the porous layer increased from

5bu-n to 30btm. Virtually, the roughness of Si substrate surface was increased with increasing porous layer.
Micro-Raman spectra revealed that there was a small peak of nanocrystalline diamond centered at 1200 cm -1

and two bands centered at 1390 cm -1 and 1590 cm -1 of amorphous carbon phases (6) as shown in Fig 5b. The peak of

nano-diamond was enhanced, and the bands of disordered carbon phase became narrow with increasing treating

temperature as shown in Fig.5c-e. This implies that some structure of the films is changed with the annealing

treatment. These changes mainly concentrated on the interface between the porous silicon and nano-diamond. On the

other hand, porous materials easily absorbed some gas, which have effused during the annealing, Fig.5a shows
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RamanspectrumofdiamondfilmsonflatSi.ThesamplesfromthoseshowninFig.5c-ewereusedfortheemission
measurementsshowninFig.2a-c,andsamplesinFig.5a-bwerethesameasthatinFig.3a-b.Itisapparentthatthere
isaquitedifferentqualityandstructureinthetwokindsofthefilms,so,thefilmsdepositedonporousSibehave
differentlyfromthoseontheflatSiinfieldemission
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Figure 4. Changes of threshold voltage with
the thickness of porous layers.

Figure 5. Micro-Raman spectra of diamond films.
(a) Diamond films on flat Si; (b) Nano-diamond films

on porous Si without annealing; (c) after annealing at

500 ° for 6h; (d) 410°C for 3h (e) 350°C for 3h

Figure 6 shows the effect of annealing temperature on

measurement are the same as that in Fig.5. The stress in the

films was estimated by Raxnan spectra and the measured

curvature of the substrate. From Fig6, the stress was

decreased with increasing annealing temperature. This

suggested that the impurities or vacancies were decreased

with increasing annealing temperature (7).

As mentioned above the experimental results, the

mechanism of field emission from nanocrystalline diamond

films on porous silicon can be proposed. These are two kinds

of cases to be effect on the properties of the field emission.

Firstly; there is an extraordinary rough surface on porous

silicon. The emitters may consist of Si tips with a thin

nano-diamond coating. Thus the emission mechanism is

geometric electric-field enhancement at a high aspect ratio

conductive cone. The emission current density, J, is related to

the local electric field E at the emitting surface by the Fowler

Nordhein equation,

internal stress in the films. All the samples used in the

8

Z

4

0 100 200
• | I . i , i

300 400 50(}

Annealing Temperature ( oC )

j = aE2e b/e (1) Figure 6. Internal stress in the nano-diamond
films with annealing temperature

where a and b are constants. However, this emission model can explain a part of the experimental results.

On the other hand, the thin nanocrystalline diamond coatings on porous silicon contained a great number of

defects and impurities as shown in Fig 5-6. This suggested that there is a high concentration of donors and shallow

traps in the thin films. The model assumed a rather high carrier concentration in the thin nano-diamond films to

establish a thin depletion layer. The electrons from high doped porous silicon were tunneling into a conduction band

of thin diamond layer through the thin depletion layer at the Si-diamond interface, and transported electrons to the
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surface,wheretheyareacceleratedtoenergiessufficienttobeescapedintovacuumundernegativeelectionaffinity
conditions.

FromFig.2.thereaxetworegionsin I-Vcurve.Thecurrentbelowthesaturationwascorrespondedtothe
space-charge-limitedcurrentdensitylaw.Thecurrentsaturationregionwascausedbyemissionofelectronsintoa
vacuumfromthesurfacestates,whichdependedonthesurfacepotentialheight.Athighervoltage,rapidincreasein
currentisduetothegeometricelectric-fieldenhancement.Theannealingtreatmentmayeliminatesomeofthetraps
inthefilms.Thus,thethresholdvoltageandinternalstressweredecreasedwithincreasingannealingtemperature
( seeFig5-6).Anotherpossibilityis theproductionofgraphitizationorconductiveparticlesonthesurfacedueto
hightemperaturetreatment.Tofurtherunderstandthemechanismoffieldemission,it isnecessaryfurtheranalyze
theemissioncharacteristicsaccordingtothemodelandthesolvingofPoisson'sequationforthebalancedpositive
chargeinthethinfilmsindetail.

CONCLUSION

Thefieldemissionpropertiesof poroussiliconemitterwiththinnano-daimondlayerswereinvestigated.
Experimentalresultsshowedthatthethresholdvoltageofelectronemissionwasdecreasedwithincreasingannealing
temperatureandthicknessofporouslayer.Thismaybeascribedtotheeliminationofsometrapsinthefilmsand
increasingsurfaceroughness.Themodelofelectronemissionthroughthethindepletionlayerwasusedtoexplain
theobservedelectronemissionatlowelectricfields.Furtherworkneedstobedoneforthemodelfromexperimental
studiestotheoreticalcalculations.
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ABSTRACT

Field emission devices (FED) with high emission current density have been attained in metal tip I and

silicon tip arrays 2. They have great potential for applications as electron emitters in flat panel displays and

have attracted thorough investigations. N-type diamond films had been reported possessing better field

emission properties than the p-type diamond films 3, and nitrogen-doped films perform better than the

phosphorous-doped. However, how the incorporation of nitrogen species into the diamond films modified

the characteristics and field emission properties of the films is not yet completely understood. In this paper,

the modification on nucleation behavior, morphology and the field emission properties of the diamond

films due to incorporation of nitrogen and the application of bias voltage was systematically investigated.

The possible mechanism is discussed.

Diamond films were grown on silicon substrate by a microwave plasma enhanced chemical vapor

deposition (MPECVD) method 4, using a ASTeX 5400 system. The diamonds were directly nucleated on

mirror smooth silicon or gold/silicon surface using a -170 V bias voltage for 9-28 min and then deposited

without bias voltage for lh. In addition to the CH4 and H2 gases used, nitrogen-species were incorporated

into the diamond films by using urea vapor, which was maintained at 23°C. The total pressure and

microwave power were controlled at 70 torr and 2500 Watts, and the substrate temperature was maintained

at around 900°C.

Nano-diamonds, doped with nitrogen, were successfully synthesized by using urea/methanol saturated

solution as nitrogen source and in-situ application of negative bias voltage in growth period. SEM and

Raman spectroscopic examinations reveal that increasing urea/methanol ratio in gas mixture markedly

influences the field emission properties of diamond films, but insignificantly alters their structure and

morphology. The diamond films thus obtained possess good electron field emission properties, (E0= 2.35

V/gm, Je=30.2gA/cm -2 , and effective work function 0e=0.028 eV). Converting the grains of diamond

films from submicrons into nano-size (-50 nm) via the application of bias voltage in-situ further improves

these field emission properties. The turn-on field decreases to E0'=1.88 V/gm, the field emission capacity

increases to Je'=l18.2 gA/cm 2 (at 6.5 V/gm applied field) and the effective work function decreases to

0e=0.017 eV.
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Fig. 1 SEM micrographs of nitrogen-doped diamond films, nucleated with 0 sccm urea and grown with 0-8

sccm urea, which are designated as DN0-DNs, respectively.
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Fig. 2 The electron field emission of nitrogen-doped diamond films, nucleated with 0 sccm urea and grown

with 0-8 sccm urea, which are designated as N0-Ns, respectively.
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ABSTI_ACT
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ABSTRACT

With the increase in the recording density of hard disk systems, the demand on the increase in the data recording

capacity of removal cassettes of tape drive systems as back-up systems for hard disk systems which could cause

"head crash" trouble is increasing. For that purpose, the volumetric recording density of tape drive systems, which is

one of the advantages of them, should be increased by increasing the areal recording density and decreasing the

thickness of the tape.

The mechanisms of tribological problems caused by the increased areal recording density and the methods to

improve them are investigated. It was found that the increase in the friction coefficient of the tape by rubbing causes

tribological problems, and that the combination of surface asperities, a wear resistant coating such as a DLC coating

and a lubricant is very effective to improve them. Even after a hundred million head traces, the wear of tape surface

could not be observed. By this combination, the metal evaporated tapes have obtained superior durabilities, as well

as superior recording characteristics, as the tapes for high capacity digital recording systems.

Keywords: tape drive systems, metal evaporated tape, surface asperities, wear resistant coating, DLC

INTRODUCTION

With the increase in the recording density of hard disk systems, the demand on the increase in the data recording

capacity of removal cassettes of tape drive systems as back-up systems for hard disk systems which could cause

"head crash" trouble is increasing. One of the advantages of the tape drive systems is high volumetric recording

density, which is obtained by high areal recording density and thin tapes. The trend of the volumetric recording

densities of helical scan recording systems, which are suitable for higher density recording, is shown in Figure 1. The

definition of the volumetric recording density is the product of the areal recording density (= the inverse of a half of

a minimum recording wave length times a track pitch) and the inverse of a tape thickness. The volumetric recording

density has been increased ten times in ten years. Each systems is going to next generation by increasing volumetric

recording density.

The areal recording density can be increased by introducing high performance tapes, such as metal evaporated

tapes with superior magnetic characteristics and smooth surface(ref. 1). Smooth surface reduces the spacing loss

between magnetic heads and a tape to increase the reproduced output signal, but produces higher friction coefficient,

which could cause tape damage by rotary heads and unstable tape runnability in the tape drives. The decreased tape

thickness will also make runnability unstable, especially when the friction coefficient is increased. The durability and

runnability of the metal evaporated tapes had been improved by forming surface asperities on it to reduce the friction

by decreasing real contact area, sacrificing a little of recording characteristics by spacing loss. However, the height

of surface asperities of metal evaporated tapes should be reduced to achieve higher areal recording density for

increasing demand. The decrease in the height of surface asperities results in the short life time until they are worn

out. Therefore, the wear resistant coating is required to keep the initial height of lowered surface asperities even

after many rubbing cycles. The thickness of wear resistant coating should be less than ten nanometers to reduce the

total spacing loss produced by the height of surface asperities and the thickness of the wear resistant coating. The

damage mechanisms and the improvement methods of the metal evaporated tapes are investigated and reported in

this paper.
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Figure 1.Trend of volumetric recording density of helical scan systems.

SPECIMENS AND APPARATUSES

STRUCTURE OF METAL EVAPORATED TAPES

The typical structure of metal evaporated tapes is shown in Figure 2. The magnetic layer is formed by vacuum

deposition of a Co0.8+l.0Ni0.2+0 alloy up to about 0.2 micrometers thickness on a polymer base film (4-10 microns

thickness). The materials for base film is polyethylene terephthalate (PET), polyethylene naphthalate (PEN), or

aramid. The back side of the base film is coated with particulate back coating layer. Some of the metal evaporated

tapes have DLC coating on the magnetic layer. The DLC coatings are formed by sputtering or CVD. The DLC

coating formed by sputtering is used in this paper. The top surface is covered with a lubricant. The lubricant used in

this paper is a modified perfluoropolyether (PFPE).

LUBRICANT

BACK COATING

( DLC COATING )

MAGNETIC LAYER

( SURFACE ASPERITIES )

Figure 2.Typical structure of metal evaporated tapes.
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STRUCTUREOFTAPEDRIVES
ThetypicalstructureoftapedrivesisshowninFigure3.A tapeis forwardedalongtapeguidesandastationary

drum.Rotaryheads,whicharemountedonandprotrudedfromarotarydrum,scanandrubthetapesurfacetorecord
(write)orplayback(read)asignal.In thecaseofvideosystems,themostseveremodefortapesis thestillmode
(pausemode,stand-bymode),inwhichmodetape-forwardingisstoppedandtherotaryheadsrubthesametrackon
thetapemanytimes.Forexample,theheadsrubthesametrack150timesasecondperheadforDV(digitalvideo)
systems.Thoughstillmodeisnotavailablein thecaseof datastoragesystems,it isoneofteststoevaluatethe
durabilitiesoftapes.

MAGNETIC TAPE ROTARY DRUM

_ I VIDEO HEAD

r ........... 1

, ', _O

STATIONARY DRUM ROLLER GUIDE

Figure 3.Typical structure of tape drives.

FRICTION TESTER BETWEEN TAPE AND HEAD

Establishing the friction coefficient between a tape and a rotary head is essential to analyze the wear mechanisms

of tapes (refs. 2 to 6). The friction tester is shown in Figure 4. It consists of a vertically fixed drum assembly, which

consists of two stationary drums and one rotary disk on which a rotary head is mounted. The head contacts a tape
surface from the inside of the drums.

Since only the rotary head mounted on the rotary disk rubs the tape surface through the slit between two

stationary drums, the friction force between the tape and the rotating head can be obtained by measuring the torque

by the torque meter (inverse magnetostrictive effect type) installed between the rotary disk and the motor.

A microscope with a stroboscope synchronized with the head rotation views the rubbing surface of the rotating

head. The rubbing surface of the head can be observed continuously through a TV monitor. The contact load

between the tape and the head can be controlled by the amount of head protrusion and the tape tension. The tension

is provided by the dead weight.

STATIONARY DRUMS

WEIGHT /

STROBOSCOPE

MAGNETIC TAPE

/
ROTARY HEAD

OTOR

QUE METER

(by INVERSE

MAGNETOSTRICTIVE EFFECT)

MICROSCOPE,\
TV CAMERA

Figure 4.Schematic drawing of friction tester between tape and rotary head.
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RESULTS AND DISCUSSIONS

DAMAGE MECHANISM OF METAL EVAPORATED TAPES

The variations of the friction force between a video head and sample specimens of metal evaporated tapes with the

increasing number of head traces are shown in Figure5(ref. 4). The friction force of the sample as deposited, which is

indicated as "no asperity" sample in Figure5, increases quickly, and the magnetic layer is damaged at the critical

value of the friction force, which is indicated by a dotted line. The symbol x indicates the fracture of the magnetic

layer and a sudden decrease in reproduced output signal. The typical aspect of damaged tape surface is shown in

Figure 6(ref. 2). Many arc-shaped Helzern cracks and the debonding of the magnetic layer can be observed. It shows

the magnetic layer was peeled off by high friction force applied by the video head. This critical value of the friction

force is attributed to the bond strength between the magnetic layer and the base film(refs. 7 and 8).
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Figure 5.Variations of friction force between rotary head and metal evaporated tapes with and without

surface asperities.
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Figure 6.Micrograph of typical aspect of damaged tape surface.
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IMPROVEMENTBYSURFACEASPERITIES
In ordertoimprovethedurabilityin thestill modeof metalevaporatedtapes,lowfrictionforceshouldbe

maintainedtopreventthemagneticlayerfrombeingpeeledoft'.Theincreaseinthefrictionforceseemstobecaused
bytheincreaseintherealcontactareawhichisattributedtosmoothingofthetapesurfacebywear(ref.5),aswellas
bytheremovalofalubricantandadsorbedcontamination.Thereductionoftherealcontactareawasattemptedby
introducingartificialsurfaceasperities(ref.4),asshowninFigure7andFigure8(a).Theschematicdrawingofthe
crosssectionofthemetalevaporatedtapewithsurfaceasperitiesisshowninFigure7.Themicrographofthetape
surfaceisshowninFigure8(a).Bytheseartificialsurfaceasperities,lowfrictionforcecanbemaintainedforalong
time,asshowninFigure5.Bythismethod,thefirstcommercialmetalevaporatedtapeforhigh-band8mmvideo
system(Hi8)obtainedenoughdurability.

Themetalevaporatedtapesshouldbeimprovedintwopointsforthenewapplicationsofhigherrecordingdensity
drives.Thefirstpointishigherreproducedoutputsignal.It shouldbeachievedbytheimprovementof magnetic
characteristicsandthereductionof spacinglossbetweenatapeandahead.Therefore,theheightof surface
asperitiesshouldbedecreased.

Thesecondpointishigherdurability.Astherotatingspeedof therotaryheadsisincreasedtoincreasethe
transferrateofthedata,thedurabilityinthestillmodeshouldbeincreased.If theconventionalmetalevaporated
tapeisusedinsuchanadvancedsystem,thesurfaceasperitiesofthemetalevaporatedtapewillbewornoutbefore
practicallifetime.Thewornsurfaceoftheconventionalmetalevaporatedtapewithsurfaceasperitiesisshownin
Figure8(b)(ref.4).Theartificialsurfaceasperitiesloosetheroletoreducethefrictionforcebywear(refs.4and9).
Therefore,theheightofsurfaceasperitiesshouldbeincreased.Thefirstpointandthesecondoneareinthecontrary
directions.

SURFACE ASPERITY

LUBRICANT

MAGNETC LAYER

BASE FILM

BACK COATING

Figure 7.Schematic drawing of cross-section of metal evaporated tape with surface asperities.
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Figure 8.SEM micrographs of metal evaporated tapes with surface asperities

(a) before head traces

(b) after head traces.
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IMPROVEMENTBYDLCCOATING
Thesolutionforthecontrarydirectionsmentionedaboveiswearresistantcoating,suchasaDiamondLike

Carbon(DLC)coating(refs.10to 14),to keeptheinitialheightof loweredsurfaceasperities.Therequired
characteristicofthecoatingistheresistanceagainstthemildwearofsurfaceasperities,nothardness,becausethe
tapesurfaceisnotdamagedbyabrasivewear.Theheightof artificialsurfaceasperitieswasdesignedtomakethe
totalspacinglosscausedbythethicknessoftheDLCcoatingandtheheightofsurfaceasperitieslowerthanthetape
withouttheDLCcoating.Thevariationsofthefrictionforcebetweenthevideoheadandthemetalevaporatedtapes
withandwithouttheDLCcoatinginthestillmodeisshowninFigure9(a).Bothtapeshavealubricantontheirtop
surfaces.Thevariationsofstandardizedreproducedoutputsignalofthesetwotapesin thestillmodeisshownin
Figure9(b).

WithouttheDLCcoating,thefrictionforceincreasesquickly,andtheoutputsignaldecreasedquickly.Onethe
otherhand,withtheDLCcoating,lowfrictionforceismaintainedoverahundredmillionheadtraces.Andoutput
signaldoesnotchange.ThemicrographsofthemetalevaporatedtapewiththeDLCcoatingbeforeheadtracesand
afterahundredmillionheadtracesareshowninFigure10(a)andFigure10(b),respectively.Nowearofsurface
asperitiescanbeobserved.
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Figure 9.Improvement of durability in still mode by DLC coating

(a) Variations of friction force for metal evaporated tapes with and without DLC coating

(b) variations of reproduced output signal for metal evaporated tapes with and without DLC coating.
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Figure IO.SEM micrographs of tape surface with DLC coating

(a) before head traces

(b) after head traces•

LUBRICATING PROPERTY AND DAMAGE OF DLC COATING

It was found that the durability of metal evaporated tapes in the still mode can be improved very much by the

adoption of a DLC coating. To evaluate the lubricating property of the DLC coating itself, the variations of the

friction force between a rotary head and the DLC-coated metal evaporated tapes with and without the lubricant are

compared, as shown in Figure 11. Without the lubricant, the friction force between the rotary head and the DLC-

coated tape increases very quickly and has two parts of peaks of the friction force. It was found that the surface

asperities were not worn on the way to the first peak of the friction force. Therefore it seems that the quick increase

in the friction force of the DLC-coated tape without the lubricant up to the first peak is caused by the removal of

adsorbed contamination which has lubricating property, not by the increased real contact area caused by wear. At the

first peak of the friction force, the DLC layer is peeled by the increased friction force but cracks have not been

observed yet. By the rolling of the wear debris from the peeled DLC coating, as shown in Figure 12, the friction

force is decreased for a moment and increased again up to the second part of the peaks (friction force -- 10 in Figure

11) after the rollers are exhausted from the rubbing surface. These rollers are made of inorganic carbon, which

should be DLC. At the second part of the peaks, arc-shaped cracks through the magnetic layer are produced by the

increased friction force just behind the damaged area of the DLC coating, of which the friction force is increased by

the wear of surface asperities, as shown in Figure 13. After this process, the magnetic layer is peeled oft, as

mentioned before.

On the other hand, with the lubricant, low friction force is maintained. As the DLC coating at least used in this

paper has no lubricating property, DLC surface should be lubricated to improve the durability of the metal

evaporated tapes.
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Figure ll.Effect of lubricant on friction force between DLC coated tape and rotary head.
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Figure 12.Roller formed by rolling of wear debris from damaged surface of DLC-coated metal evaporated

tape without lubricant.
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Figure 13.Damaged surface of DLC-coated metal evaporated tape without lubricant.

CONCLUSIONS

The mechanisms of tribological problems caused by the increased areal recording density and the methods to

improve them are investigated. It was found that the increase in the friction of the tape by rubbing causes tribological

problems. Surface asperities decrease the friction force by decreasing real contact area, and the combination of wear

resistant coatings such as the DLC coating and a lubricant keep the initial height of surface asperities to keep the

friction force low. As the DLC coating dose not show lubricating property, the lubricant is required for the DLC

coating to show enough wear resistance. Therefore, the combination of surface asperities, wear resistant coating such

as the DLC coating and the lubricant is very effective to improve the durability of the metal evaporated tapes. Even

after a hundred million head traces, the wear of tape surface could not be observed. By this combination, the metal

evaporated tapes have obtained superior durabilities, as well as superior recording characteristics, as the tapes for

high capacity digital recording systems.

For more advanced systems with much higher recording density in future, the developments of new wear resistant

coatings, which is effective with the thickness below 5 nanometers is required to reduce the spacing loss.
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ABSTRACT

In recent years, DLC (Diamond-like-carbon) film is strongly expected to develop applications in
tribological elements. Contributing to this expectation is the properties of DLC films such as high hardness,
low friction coefficient, wear resistance, and chemical stability. DLC films have been mainly applied to
substrates of hard metals and ceramics because of their peculiar high internal stress.

Oil and fat have so far been added to improve the surface lubricity of the polymer materials such as
rubber and resin. When oil and fat run dry, however, drawbacks such as gradual increase in the friction
coefficient arise. Components and products made of rubber also tend to cling to the other materials used
together therein. We wondered if we could eliminate such oil and fat additives that cause:such bad effects.
We have proceeded to coating to the polymer materials such as rubber and resin while making the best use
of the feature of DLC.

We thought that three issues have to be resolved. (1) Low heat resistance of the polymer materials such
as rubber and resin. (2) Pollution of the polymer material surface by oil, fat, resin, and oxidation prevention
agents, etc., and (3) Transformation of the polymer materials. To resolve these possible problems: (1) We
have developed a processing method by using the Amplitude-Modulated RF Plasma Chemical Vapor
Deposition method which enables coating at lower temperature (below 80 degree C) and does not allow the
processing temperature to rise any higher. (2) To prevent the pollution, we decided to clean the polymer
surface by plasma. (3) To prevent the transformation, the film should be flexible enough to absorb the
polymer material transformation. We have modified the DLC film structure to permit expansion and
contraction.

The flexible DLC film is one of the novel techniques to deposit the DLC film on polymer materials
such as rubber and resin, which does not cause any peeling off of the film even with the deformation of the
substrates. The flexible DLC technique is expected to expand itself and to create wider applications of DLC
films.

Keywords: DLC, Plasma, CVD, low friction, polymer material

End of paper.
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ABSTRACT

This paper deals with diamond like carbon coatings that show very promising results in terms of their

tribological properties and better adherence to and compatibility with a wide range of substrates. These films were

deposited using a plasma assisted vacuum vapor deposition technique. Advantages of this technique include, the

ability to precisely control the coating thickness, and the achievement of a micro conformable (to substrate surface),

uniform and smooth films on a variety of substrates. Coatings were deposited at relatively low temperatures

(<100°C) and thicknesses exceeding 25 microns were achieved.

Results of the various advanced materials characterization techniques such as Raman Spectroscopy, Pin on Disc

wear testing and dust erosion testing of the coating on a variety of substrates will be discussed. A novel engineered

multi-layered nanocomposite coating based on DLC which exhibited excellent resistance to impact erosion by high-

energy abrasive particles will also be discussed.

The authors will also provide examples of a series of applications in the industry that are taking advantage of

the unusual properties inherent in these DLC coatings. Large parts up to 8' in length have been successfully coated.

Examples of critical commercial components in aerospace, biomedical and semiconductor wafer handling industries,

among others, will be enumerated.

Keywords: DLC, coating, characterization, wear, hard

INTRODUCTION

Diamond and diamond-like coatings have attracted rapidly increasing interest since 1980's and these coatings

are today probably the most intensively researched surface coatings. The commercial interest in these coatings is

considerable, not only because of their great potential in tribological applications but also because of their potential

as new and more efficient semiconductor and optical thin film materials. Diamond-like carbon (DLC) is the name

commonly accepted for hard carbon coatings which have similar mechanical, optical, electrical and chemical

properties to natural diamond, but which do not have a dominant crystalline lattice structure. This paper deals with

diamond like carbon coatings that show very promising results in terms of their tribological properties and better

adherence to and compatibility with a wide range of substrates.

Low STRESS ULTRA-C TM AND ULTRAC-HT TM DLC COATINGS

In the present study diamond hard carbon coatings, namely, UltraC Diamond TM and UltraC-HT TM deposited

using low-temperature plasma assisted vacuum vapor technique, were investigated. UltraC Diamond TM coating is an

amorphous diamond hard carbon coating while UltraC-HT TM (High toughness UltraC coating) is an ultrafine

lamellar composite coating based on UltraC Diamond TM and SixCy with superior toughness compared to the parent

coating. Various substrates were coated for characterization of the coating. Low stress coatings of thicknesses more

than 15gm for UltraC Diamond TM and 30gm for UltraC-HT TM were deposited in this study. This is a significant

improvement over conventional DLC technology in which the thickness is limited to a maximum of 5gm due to

high internal stress in the coating.
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EXTREMELYHIGHWEARRESISTANCE

Pin-on-DiskweartestingcharacterizationofourcoatingsonTi6A14ValloydiskswascarriedoutatFalex
CorporationofSugarGrove,IL.(ref.1)2.5inchdiameterTi6A14Valloydisksweremachinedandpolishedby
metallographictechniquestoasubmicronfinish.Thesediskswerecoatedwithdifferentcombinationsofcoating.
WeartestingwascarriedoutwiththetestingparametersshowninTable1.FollowingisalistofTi6A14Valloydiscs
withdifferentcombinationofthecoatingsthatweredepositedandsenttoFalexforweartesting:

1)2_mthickUltraCDiamondCoating
2)UltraC-HT(Laminatedcompositestructure)
3)BareTi6A14Valloy

Table1:Wear Test Parameters for Pin on Disc Testing

Ball Material 0.5"A1203 ball at lON load
0.5" Silicon Nitride ball for 15.68N

load

Test Speed (rpm) 71
Test Load 10N and 15.68N

Test Duration 1000m

Temperature Ambient
Test Radius 13.5mm

Figure 1 shows the wear profiles obtained on the samples. Table 2 shows the wear volume obtained on the

samples after the tests.

_lm
-8

-32

Bare

Ti6A14V alloy
10 N Load

A1203 ball

_lm

_lm
0.0
-1

UltraC TM

2 gm thick
15.68 N Load

SiBN4 ball

UltraC-HT TM

6 gm thick
15.68 N Load

SiBN4 ball

Fig. 1. Wear profiles obtained on samples after wear testing. The red lines indicate the wear track area.
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Table2:Wearvolumefordifferent samples

Sample Wear volume Wear volume

(mm a) at (mm a) at

10 N 15.68N

UltraC NMW 0.02058

Laminated NMW 0.01355

Bare alloy 6.8606
NMW = No measurable wear

Wear testing was also carried out on a SAE52100 bearing steel coupon polished to a mirror finish and coated

with a 10gm thick coating of UltraC Diamond TM coating. The test was carried out using a Si3N4 ball with a 10N

load at the same conditions as the previous wear tests. The test did not produce any measurable wear. Wear profile

did not produce any measurable wear. Fig. 2 shows wear profile obtained on the sample after the test.
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UltraC

10gm thick

10N Load

Si3N4 ball

Fig. 2. Wear profile obtained on samples after wear tests showing no measurable wear produced on the

sample

Wear data shows that UltraC Diamond TM based coatings even with thicknesses exceeding 10gm are extremely
wear resistant.

EXTREMELY EROSION RESISTANT ULTRAC-HT TM COATING

Erosion testing was carried out on 2gm thick UltraC diamond TM coating and 25gm thick UltraC-HT TM coating

with twenty-five ultrafine lamellar layers of SixCy (2500 A) and UltraC (7500 A). Erosion tests were done in a wind

tunnel facility at the University of Cincinnati (UC) using Arizona dust with silica particle sizes between 10-100 gm

and 9.5gm alumina at particle velocities of 600'/s. The samples with just the UltraC diamond TM coating did not

survive the tests but the multilayered (nanolaminated) coating of UltraC-HT TM displayed very good erosion

resistance. Results of the testing done on UltraC-HT TM (nano-laminated coating structure) are shown in Table 3 and
Table 4.

Table 3. Erosion test results on nano-laminated coating structure using alumina particles (9.51xm) at 600ft./s

Angle of Impact (o)

90
Mass Loading (gms)

5
Erosion Rate (mg/g)

0.092

90 5 0.074

90 20 0.05

90 30 0.03

90 100 0.03

160 (TOTAL) .0552

30 10 0.270

30 50 0.60

30 20 1.11

30 20 1.4

I lOO(TOTAL) I 0.845
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Table4.Erosiontestresultsonnano-laminatedcoatingstructureusingsilicaparticles(100-200_tm)at600ft./s

AngleofImpact(o)
9O

MassLoading(g)
100

ErosionRate(mg/g)
1.76

90 100 1.10
200(TOTAL) 1.43

ResultsofthedusterosiontestingshowedthattheUltraC-HTTM coating displayed extremely high erosion
resistance.

RAMAN SPECTROSCOPIC ANALYSIS

The sample of UltraC Diamond TM was analyzed using Raman spectroscopy (Model: LabRam, JY/Horiba). The

632.8 nm radiation of an air-cooled 6 mW He-Ne laser was focused to a round spot of about 1 mm. The investigated

sample spots were optically checked with a microscope using a magnification of 1000X. There was no degradation

of the coated specimens visible under these conditions. The Raman spectra were excited at a temperature of 22+2°C

under laboratory conditions. The different locations were checked on each specimen to have consistency of data.

The Raman spectrum is shown in Figure 3.

30000 "

!!i ii
I Intensity 25o]o:: :: :: , : .i :.

15000 "",'i:

c<,.,,

10000

doo iAo 14'oo doo 1_oo

Raman shift (cm -1)

Figure 3: Raman spectra of UltraC Diamond TM coating on Si-wafer

As can be seen from the above figure that the most significant peak appears at about 1514.45 cm-1. This peak

represents the amorphous carbon phase (clusters of sp2-bonded carbon embedded in a sp3-bonded carbon matrix).

This peak is generally assigned to the distorted graphitic structure due to C-C stretching vibration mode. Another

peak at 1319.3 cm-1, though less significant, is attributed to the diamond-like sp3 bonded carbon structure in the
film.

The above figure represents the nature of a typical Raman spectrum of a DLC film with characteristic D- and G-

peak at 1319.3 and 1514.4cm-1, respectively. The result is in good agreement with those reported in various

literatures (refs. 2 to 3). The important point that should be mentioned here is as the film composition changes from

a predominantly diamond phase to graphitic carbon rich phase, the intensity of D-band peak decreases while that of

G-band peak increases continuously.
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APPLICATIONS

UltraC DiamondTM based coatings are being evaluated for many applications because of its ability to virtually
TM

stop the formation of macro and submicroscopic wear debris, UltraC Diamond is increasingly being specified for a

wide range of precision applications in environments encompassing semiconductor wafer processing to biomedical

engineering. Some examples are listed below:

Electrostatic Clamp Surface

Electrostatic clamp or E-clamp is used to hold the wafer during Ion Implantation and other IC fabrication steps.

UltraC Diamond TM is being used as the outer surface of the E-clamp to reduce backside particle generation. The

coating dramatically reduces the particle contamination by at least three orders of magnitude when compared to a

polished alumina surface. A photograph of the e-clamp surface with the UltraC Diamond TM coating is shown in

Figure 4.

__-_-_-°-___._-_____._._.___._._______._.___._.___.___-___-_.___-_._._.___.___________-_-°-_-_-_-,°° ..............................................

iiiiiiiiiiiiiiii...........ijiiiiiii
::::::::::::::::::::::::iiiiiiiiiiiii ",,':::::::::::::iiiii

:_:_:_:_:_:?_:_:?_:?1:1:??_:_:_:_:_:;_:_:_:_:_:_:?_:1:_:_...;..._:_:1:_:1:_:_:_:_:?_:_:_:_:!

Fig. 4. Photograph of an electrostatic clamp with UltraC Diamond TM hard carbon coating on the top

surface to prevent particle formation

Air Bearings

UltraC Diamond TM coating is applied on air bearings used in semiconductor positioning equipment. These

bearings are rotated at speeds of 5000 to 10000 rpm. UltraC Diamond TM applied on a hard anodized surface prevents

wear of the bearing surfaces when spinning with and without the presence of air. The near frictionless and wear

resistant property of the coating allows the bearings to be run without particle contamination even when the flow of

air is interrupted.

Fig 5. Photograph of air bearings coated with UltraC Diamond coating
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CryocoolerpartsonHubbletelescope
SurmetCorporationandGoddard'sHubbleProject,successfullyputthediamond-hardcoating,UltraC

DiamondTM, through a rigorous test program to verify it could operate in the extremes of space. The coating covers

tiny parts of an experimental cryogenic cooler, or "cryocooler," that will be attached onto Hubble's Near Infrared

Camera and Multi-Object Spectrometer (NICMOS) during a servicing mission in 2001. The cryocooler cools the

detectors in the instrument and maintains them at 70 degrees Kelvin.

During the cryocooler's normal operation, a tiny circulator shaft spins at a speed of 6000 revolutions per second.

To minimize friction and wear, the circulator shaft and bearings required a very thin, hard, slippery coating. UltraC

Diamond TM coating virtually eliminated wear and tear on moving parts fabricated from a Ti alloy.

Fig. 6. Tiny bearings and turbine shafts like these are part of a new cooling system for Hubble's

infrared NICMOS instrument. To minimize friction and wear, shafts and bearings are covered with

a slippery, diamond-hard coating approximately 1/100th the thickness of a human hair. These tiny

parts are pictured with a dime for size comparison.

Left Ventricular Assist Pumps

UltraC Diamond TM coating is applied on parts of a left ventricular assist heart pump made of Ti6A14V alloy to

prevent wear on the moving parts. The coating is bio-compatible and a thin fluoropolymer overcoat is applied on

top of the UltraC Diamond TM coating to improve the thrombogenity and hydrophobicity of the surface.

Fig. 7. Photograph of parts of a left ventricular assist heart pump coated with UltraC Diamond TM coating

CONCLUSIONS

The low stress DLC technology described in this paper provides several competitive advantages:

• Ability to deposit on many types of substrates; metals, ceramics and polymers

• Coatings with a thickness of up to 15gm for UltraC Diamond TM and 30gm for UltraC-IIT TM can be

deposited with extremely low residual stress

• UltraC Diamond TM provides extremely high wear resistance with a very low coefficient of friction

• Multilayered coating of UltraC-HT TM provides high fracture toughness, low internal stresses and the ability

to control the total stress in the coating

• The process is highly scaleable to larger substrates with varying geometries
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ABSTRACT

The technological regimes of obtaining the diamond-like C (DLC) films with all the necessary characteristics

have been elaborated. We have studied the spectrum dependence of the reflection, transparence and absorbance

indices on the basis of which there were determined the values of the reflective index and the width of the banned

zone, where n=2 and Eg=2.5 eV. The new photovoltaic cell (PV cell) with the enlightenment layer from DLC films

was obtained. At thickness of the film equal to 80 nm, the silicon PV cell has received the most enlightenment. The

reflective index of the enlightenment layer at wavelength of 650 nm is 0.02. The obtained DLC films displayed

firmness to the concentrated acids, and the films kept their optical properties after the long affection of the
ultraviolet radiation.

Keywords: Diamond-like, photovoltaic, protecting, low-temperature, technology.

INTRODUCTION

The possibility of films growth obtained from diamond on Si, GaAs substrates etc., allows to develop new

optoelectrical and microelectrical devices, which have such unique properties like stability to mechanical, thermal,

chemical and radioactive influences, high transparence in large range of spectrum. These properties make them

perspective material for protective, heat-eliminated, resistive, enlightenment (antireflective) surfaces (ref. 1).

Anyway, the growth of diamonds and SiC on GaAs or Si substrate is carried out by using comparatively high

temperatures, expensive technologies and equipment (ref. 1). In connection with it the problem of development

simple but inexpensive technology of diamond-like C film growth by ionized plasma assisted deposition from vapor

phase at comparatively low pressure and temperatures, near to room temperature, causes a big interest.

The aim of the given investigation is the development of low-temperature obtaining the polycrystalline
diamond-like C film on Si substrate.

THE TECHNOLOGY OF OBTAINING THE FILMS ON Si PV CELL

The diamond or diamond-like C films can be obtained in many ways, but none of the existing methods can be

applied for using them as a protective layer in production, as the temperature of the used substrates exceeds 1000 °C.

In this case the PV cell from crystal Si is used as a substrate, which cannot keep the properties of p-n junction, lying

near to the deposited surface.

Usually the protective and enlightenment layers are deposited on such a surface, where the distance between the

surface and the p-n junction is 0.5+1 mkm.

In this work, in order to get protective and enlightenment layers, DLC films were obtained on the crystal Si

substrate with the help of plasma assisted deposition of ionized streams of C + and H +, which were obtained by

dissolution of hydrocarbon compounds in the electric and magnetic fields. The advantage of this method is its

simplicity and possibility of using uncomplicated technological equipment, applying relatively low pressure and the

temperature of the substrate near to room temperature.

For this purpose there were worked out technological regimes for obtaining DLC films at temperature below

150 °C. The technology of growing is based on the method of DC plasma enhanced chemical vapor deposition

(CVD) with simultaneous affect of the magnetic field. The technological plant is made on the basis of a standard
5

vacuum device and specially designed source of ions. After achieving the preliminary vacuum (-10 mm Hg), there

starts supply of cyclohexane (C6H12) vapor into the region of crossed electrical and magnetic fields. Plasma process

becomes stable with the help of selecting the supply regimes of C6H12 vapor and magnitude of magnetic and

electrical fields. The quality of films is greatly influenced by the average kinetic energy of positive ions, which is

NASA/CP--2001-210948 431 August6,2001



correctedwiththehelpof theelectricaldeflectionbetweenthesubstrateandcathodeof ion supply.The
investigationshaveshownthatCfilmswithhighdensityanddiamond-likeproperties,grownwiththehelpofthe
giventechnology,aregeneratedat30+50eVof averagekineticenergyof ions(ref.2).In orderto choosethe
technologicalregimesof DLCfilmsobtainingtherewerecarriedoutinvestigationsof thedensity,growthrate,
thicknessandstructureoftheobtainedfilms.

In thefilms,whichweredepositedin thisway,differentcarbonstages(diamond,diamond-like,graphiteor
otherCHbonds)canbeformed.Theirrelativeformation,whichleadstoobtainingdifferentpropertiesoffilms,
dependsontheconditionsofdeposition,i.e.onphysico-chemicalprocesses,takingplaceintheplasma.

In theprocessof cyclohexaneandtoluoldissolution,variousradicalsaregenerated.Theirtypesandrelative
quantitystrictlydependontheperformanceparametersofthesourceofions(suchascurrent,voltage,magnitudeof
magneticfield,etc)andontheconfigurationof electricandmagneticfields.Formationof aradicalalsocauses
changesinthestructureandinthepropertiesofthegrowingfilms.

Fortheseinvestigationstherewereworkedoutchangesofvoltagemagnitudebetweenanodeandcathodeandof
plasmacurrent(accordinglyV=1500+5000VandIp=50+100mA).

Infig.1thereisshowndependenceofthedensityandgrowthrateofDLCfilmsontheanodevoltageandthe
substratepotential.Thus,wecanconcludethatwhilethevoltageis increasing,thegrowingdensityprovesthe
changeofthefilmsformationmechanismofthefilms.It ispossibletochangethedissolutionprocesseswhilethe
energyofionsisincreasingintheionsystem,andalsotochangetheprocessesofadsorptionanddesorptionofthe
articlesonthesubstrate.

It isknownthattheincreaseofthefilmdensityisconditionedbytheamountof thehydrogenatoms.The
investigationsresultsshowedthatthebiggestmagnitudeofgrowthrateanddensityofDLCfilmscorrespondtothe
voltageof3.5eVbetweenanodeandcathodeandtothezeropotentialofthesubstrate(theearthingcase).

TheX-Rayphaseanalysesof thefilmsgrownbymeansof thislow-temperaturetechnology,havingthe
thicknessof0.3mkm,showedthatthestagewithsp3covalentconnectionsisprevailing.Thefurtherincreaseofthe
thicknesscausesdecreaseof thediamondportion.Thus,theamorphouslayerwithsp2chemicalconnections,
conditionedbycarbon,isformed.

Inthiswork,DLCfilmsweremainlygrownonthemonocrystallinesiliconfilm.ThegrowthofDLCfilmson
thesurfaceofmonocrystallinesiliconcanbedescribedasthefollowing,resultingfromtheX-Rayphaseanalyses.
OntheinitialstageSiCpolycrystallinefilmwiththethicknessof -102A°isobtained(ref.2).Thediamond-like
stageisgrownonthisfilm.WhenSisubstrateisbeingbombardedbyC+ions(withhighenergy),theyenterSi
ratherdeeplyandcreatethepolycrystallinelayerof SiC.Thefurthergrowingof Cin theareaofSi-Cjunction
decreasesthesignificanceofbothSiandSiO2film.

At first,thediamondhexagonalcrystallitesareformed;theyhavethethicknessof -2300A°andcreatethe
nucleusonthehexagonalsidesofthefilmsdensity(fig.1).
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Fig.1. Dependence of the rate (a) and density (b) of DLC films, grown on the accelerating

voltage U at dissolution of C6H12. 1-earthed substrate, 2-substrate has varying potential
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OntheX-Rayphasecharacteristics,whichcorrespondtoSiCanddiamond-likeC(besidesX-Raydiffraction
maximums,formedfromtheinteratomicdistance)therewereobtainedpeaks,correspondingto(111)directionofSi
substrateandsometimestoSiO2thinfilm,existingonSisurface.

THE OPTICAL PROPERTIES OF DLC FILMS

It is known that besides diamond films there are also some other carbon films, such as amorphous carbon (c_-C),

tetragonal amorphous carbon (to_-C), diamond-like C (DLC), hydrogen amorphous carbon (o_-C:H, which contains

approximately 40% of hydrogen), C60 and others, which have different properties (refs. 3 and 4) . For most applied

tasks each of the afore-mentioned films is of particular interest.

DLC films, grown on the substrate of Si and A1203 have homogeneous surfaces with the mirror (reflection)

property. For the purpose of application of protection and enlightenment on the surfaces of PV cells, it is very

important to study the optical characteristics of the films, obtained through the above mentioned technological

regimes.

The optical characteristics of diamond films, obtained on Si and A1203 substrate, were received on the basis of

measuring reflection specters and absorbtion.

The curves in fig.2 are the interference images, which were obtained from the reflection of DLC films, grown

on Si(111) surface. They are spectral dependences of the coefficient of the diamond films reflection, having two

different thickness. The curves show that the interference images of the films with different thickness, are different.
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Fig.2. Spectral dependence of the reflection coefficient of DLC films of different

thickness, grown on the monocrystalline Si, 1- d--1120 nm, 2- d--150 nm:

Using the spectral positions of the extremums, there was found the thickness of the given film by means of the

following correlation between the positions of extremums (in this spectral range) and the film thickness.

4n(£).d = m_,m m =1,2,3 ..... (1)

where n(X) is the refractive index, d is the thickness of the film, m is the order of the interference extremum, Xm is

the wavelength, corresponding to the m-order of the extremum.

The thickness of the film is determined by 2 interferential maximums and minimums in the following formula:

d= &&-:
2n('gm-2-'gin) (2)

where n is the refractive index, _n and _n-2 are the wavelength of the extremums of m-order and m-2-order

accordingly. Thus, the thickness of the films, grown on Si substrates, is 1250+40 nm for one film and 150 nm for the

other one.
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Therewasmeasuredc_()_)spectraldependenceof DLCfilms,grownonA1203substrates(fig.3).Fromthese
curvesit isseenthattheabsorbtionedgeofthefilmsisneartothewavelengthof500nm,whichcorrespondstothe
lengthofthebannedzone,whichhasthevalueof2.5eV.
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TESTING AND MEASURING OF THE PARAMETERS OF PV CELLS WITH DLC FILM

Dependence of the reflection coefficient on the light wavelength of the films, obtained by the above mentioned

technology (as the enlightenment layer) can be seen in fig.4. The thickness of the enlightenment layer of d--80 nm

was selected so that the least value of the reflection coefficient R for the first interference minimum corresponded to

the falling light wavelength of )_m=650 nm.

R 0,2

0,15

0,1

0,05

0

200 300 400 500 600 700 800 900 1000

_,_ nm

Fig.4. Spectral dependence of reflection coefficient of DLC enlightenment film, grown on Si.

This value of )_n corresponds to the maximum photosensitivity of the Si convertor. As it is seen from fig.4, the

reflection coefficient in the range )_n=650 nm is 2%, and in the ranges )_--450 nm and )_--1000 nm it does not
exceed 10%.

These low values R of silicon convertor in the whole spectral range show that the enlightenment layer has been

obtained. Comparing the spectral dependence of the received R for the obtained DLC film with the R spectral

dependences of the one-layer enlightenment layer (which corresponds to the above mentioned one-layer case), for

example from ZnS and others, grown on the surfaces of the silicon convertors, it is seen that DLC film has

advantage to the other enlightenment layers.

Investigations of the mechanical hardness of DLC films, grown on the surface of the monocrystalline Si(111),

showed that they had coefficient 7.5-8.0 by the scale of Moss, which proves their high mechanical hardness.

After the investigations, these films displayed chemical firmness. It was clear that they have high firmness to

the concentrated acids, such as: H2SO4, HC1, HNO 3 and HF.

PV cells of the new type were tested by ultraviolet radiation in order to find out the changes of the performance

parameters under these conditions.

Alongside with the new PV cell with the enlightenment layer from the DLC film, the films of the same type,

grown on the transparent substrates (for example, on A1203) were tested by ultraviolet radiation. PV cell and films,
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forthepurposeofcomparison,weretestedbymeansofradiationwithintensityof5000hours.Theresultof the
investigationsshowedthattransparenceoftheenlightenmentlayerdidnotundergoanychanges,neitherdidthePV
cellcharacteristics(efficiency,open-circuitvoltage,short-circuitcurrent)(refs.5to7).

Thegivenspectraldependenceofabsorbtioncoefficient(fig.3)showedthatthefilmsweretransparentinthe
visibleandnearinfraredranges.Allthecurrent-voltagecharacteristicsofthePVcellsweremeasured,whichhelped
todeterminetheefficiencyofthePVcell.

Thus,makingof thenewDLCoutlayerallowstoincreasegreatlymechanical,chemicalandradioactive
firmness,performancereliabilityandenduranceoftheenlightenmentlayerand,consequently,ofthePVcell,and
promotesincreaseof thegeneratedelectricalpower,whichleadsto decreaseof thecostof theelectricenergy,
generatedbytheconvector.

Besidesalltheafore-mentioned,applicationof theprotectiveandenlighteningdiamond-likelayersallowsto
decreaseinmanytimestheweightofthePVcellduetonotusingthetraditionalprotectivelayers.Theadditional
thickprotectivelayersfromglassandquartzleadtothesignificantincreaseoftheweightofcells.Thiscircumstance
isofgreatsignificance,especiallywhenusingtheminspace.
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Abstract

Amorphous diamond combines the advantages of supreme properties of diamond and coating
capability of diamond-like carbon (DLC). It has been applied to a variety of industrial products with
superb performance in wear resistance, dry lubrication, and acid protection. Amorphous diamond earl
be deposited rapidly by a cathodic arc system in large dimensions. The wide spread applications of
amorphous diamond coatings can drastically improve the productivity of many industrial products.

Key Words: Thin Films, Coatings, Hardness, Abrasion, Corrosion.
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ABSTRACT

Carbon-based coatings combine many attractive properties that make them good candidates for a wide range of

critical engineering applications. Systematic studies in our laboratory on carbon films over the last decade have

resulted in the development of a new class of amorphous diamondlike carbon films providing friction and wear

coefficients of 0.001 and 10 -10 mm3/N.m, respectively (when tested in dry nitrogen or inert-gas environments).

These films were synthesized in a plasma-enhanced chemical vapor deposition system that uses high proportions of

gaseous hydrogen in addition to hydrocarbon source gases, such as methane and acetylene. Comprehensive

tribological studies of the films revealed the existence of a close correlation between the chemistry of the

hydrocarbon source gases and the friction and wear coefficients of the DLC films. Those films grown in source gases

with higher hydrogen-to-carbon ratios had much lower friction and wear coefficients than did films derived from

source gases with lower hydrogen-to-carbon ratios. Fundamental and surface analytical studies have led us to

conclude that the presence of protonic, atomic, and molecular hydrogen either within the films or near the sliding

surfaces plays a critical role in the friction and wear properties of these films. Based on the findings of experimental

and surface analytical studies, a mechanistic model is proposed to explain the superlow friction and wear properties

of the films

Key words: PECVD, Diamond-like carbon, super-low friction and wear, lubrication mechanism

INTRODUCTION

The reduction and/or proper control of friction between rolling, rotating, or sliding mechanical parts and components

is extremely important for achieving higher efficiency and lower emissions in most moving mechanical assemblies.

For years, liquid and grease lubricants have been used in combating friction and wear, but the increasingly

demanding application conditions of these assemblies have necessitated the uses of solid lubricants alone or in

addition to liquid lubricants. In certain applications (i.e., aerospace, high-temperature, seals, MEMS), the use of

liquid or grease lubricants is neither practical nor desirable. For such extreme applications, solid lubricant coatings

provide the only choice [1]. Some of the well-known solid lubricants include teflon, MoS2, graphite, Pb, and

diamond and diamond-like carbon (DLC) materials. Depending on test environments and other conditions, these

solids can provide friction coefficients ranging from 0.01 up to 0.2. Quite recently, new forms of carbon films were

developed and demonstrated to provide friction coefficients in the range of 0.001 to 0.01 [2].

Fundamentally, friction results largely from chemical and physical interactions between sliding surfaces.

Deformation and third body interactions can also have a significant influence on friction. In general, physical

roughness on a sliding surface causes high friction. When there is too much chemical or adhesive interactions

between two sliding surfaces, high friction is also observed. Theoretically, one should expect superlow friction from

atomically smooth surfaces with very little or no adhesive interactions.

Among the many solid films, diamond and DLC provide a unique opportunity to achieve superlow friction on sliding

surfaces. For one thing, they represent some of the hardest and the most rigid materials (thus insuring very small

contact area), plus they can also be made very smooth [3]. The amount of chemical or adhesive interactions between
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slidingdiamondandDLCsurfacescanbemadeverysmall.If welookatthetypesofbondsthatexistbetweensuch
surfaces,wecan mainlysee/findcovalent,vanderWaals,_-_*interactions,capillaryforcesandelectrostatic
attractionand/orrepulsion.Ionic,metallic,ormagneticattractionsdonotexistin carboncoatings(unlesstheyare
dopedwithmetalsorcompounds).Amongthebondsmentionedabove,covalentbondingis thestrongestandif
establishedbetweenslidingcarbonsurfacescanbethedominantcauseoffriction.Suchbondingmayoccurbetween
slidingdiamondsurfacesathightemperaturesand/orinhighvacuumandleadstoveryhighfriction[4-6].Vander
Waalsbondingis theweakestandmostdesiredbetweenslidingsurfaces.Thisis thekindofbondthatholdsthe
sheetsofMoS2andafewotherlayeredsolidstogether.Theyareknownfortheirexcellentlubricity.

Bycontrollingdepositionparametersandsourcegaschemistryduringdeposition,DLCfilmscanbemadephysically
verysmooth,mechanicallyveryhardandchemicallyveryinert.Asaresult,onecanachievethesmallestcontactarea
andtheleastamountofasperityandadhesiveinteractions.Themainquestionis" howcanwepreparesuchfilms
withextremequalities?"Thispaperwilldescribeindetailthe,inception,realization,andtribologicaldemonstration
of suchasuperlowfrictioncarbonfilm.It will beshownthatwhendepositedonextremelysmoothandrigid
substrates(suchassapphire),thesefilmscanprovidedfrictioncoefficientsof0.001-0.005indrynitrogen[2].Abrief
descriptionofthefrictionandwearmechanismsofthesefilmswillalsobepresented.Specialemphasiswillbeplaced
ontheeffectsofsourcegaschemistryandenvironmentalspeciesonfrictionandwearsincetheyrelatestronglytofilm
microstructureandchemistry.Abriefreviewofpreviousresearchisalsopresented.

SYNTHESISOF DLC FILMS

Brief Review of Recent Developments

In recent years, we have witnessed an overwhelming interest in the production, characterization, and diverse utilization

of DLC films for various applications [3]. The attractiveness of these films stems mainly from the fact that they

combine a very low friction coefficient with high wear and corrosion resistance. Such a combination of unique

properties is not available in most other materials. Furthermore, they are very easy to synthesize and apply on all kinds

of engineering materials including, metals, ceramics, and plastics. Our fundamental understanding of the chemistry and

tribology of DLC and other hard coatings has increased tremendously in recent years and has been used to design,

optimize, and customize coatings that can meet the increasingly stringent applications needs of future tribological

systems. In addition to phase-pure DLC films, metal doped DLC films were also developed and used in a variety of

applications [7]. These nanocomposite, duplex, or multilayered DLC films exhibit better mechanical, thermal, and

chemical properties and are well-suited for certain industrial applications [8,9].

Structurally, DLC films are amorphous and composed of very-short-range-ordered diamond (characterized by sp3-type

tetrahedral bonds) and graphitic phases (characterized by sp2-type trigonal bonds) [10,11]. They can be regarded as

degenerate forms of bulk diamond and/or graphite. Mechanically, they are quite resilient and can have Vickers hardness

values as high as 9000 kg/mm 2 [12]. They are electronically insulating and optically transparent to visible and

ultraviolet light [13]. D1C films can be deposited at temperatures ranging from subzero to 300°C by a variety of

methods, including ion-beam deposition, DC and RF sputtering, arc-plasma, PECVD, and laser ablation. PECVD

method is well-suited for the deposition of DLCs from hydrocarbon source gases (such as acetylene (C2H2), ethane

(C2H_), ethylene (C2H4), and methane (CH4). It can be done at room temperature and with relative ease. The use of RF

or pulse DC bias on substrate is essential for preventing charge build-up, since the DLC films are electrically

insulating. Deposition temperature, gas composition and pressure as well as bias voltage used during deposition can

directly influence the film properties. In particular, bias voltage, deposition pressure, and substrate temperature may

have the greatest influences on the type of C-C bonding as well as the fraction of hydrogen bonded to C.

Synthesis of Super-low Friction DLC Films

For the production of superlow-friction DLC films that will be discussed below, PECVD provides the easiest and

perhaps the most desirable method. The use of RF and/or pulse DC bias prevents charge build-up during deposition.

Source gas and gas mixtures can be precisely adjusted and with the aid of a mass spectrometer, one can monitor the

range of gaseous species present within the deposition chamber. Superlow friction DLC films can be produced on
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ceramics(suchassapphire)andonthepolishedsurfacesof metalsandalloys(suchasAISIM50ballsandH13steel
flats)aswellashardplasticsbythePECVDmethod.Inourlaboratory,weuseanR&DsizePECVDsystemtoproduce
theDLCfilmsonavarietyofsubstrates.Asforthesourcegases,wecanusepuremethane(CH4),acetylene(C2H2),
ethane(C2H6),ethylene(C2H4),andCH4 + hydrogen (H:) [2,14-16]. As will be elaborated later, our systematic studies

have clearly established a close correlation between film properties and the hydrogen-to-carbon (H/C) ratio in source

gases [2,14]. This ratio is essentially zero for films sputtered from solid carbon targets, whereas 1 for C2H 2 source gas

and 4 for CH 4. For hydrogen-rich CH 4 plasmas, we can add more hydrogen gas to achieve H/C ratios of 10 or more.

The procedure for forming DLC films on steel or ceramic substrates by PECVD involve sputter-cleaning of the

substrates in an Ar plasma for 30 min by applying a 1200-1700V bias. The substrates are then coated with a 50-70

nm thick silicon bond layer by switching to a sputtering mode and sputtering silicon from a target. Silane (Sill4) gas

can also be used to form a bond layer on substrates. Finally, carbon-bearing source gases (CH4, C2H2, C2H6, C2H4,

and CH4 + H2) can be bled into the chamber and the deposition of DLC on the substrates may start. The gas pressure

can vary between 10 to 30 mtorr and the RF bias is at 400-600 V. Further details of the deposition process can be

found in Refs..2,14-16.

TRIBOLOGY OF DLC FILMS

Brief Overview of Recent Work

Tribological properties of DLC films have been investigated extensively by many scientists. In general, it was

demonstrated that when prepared properly, these films can substantially reduce friction and wear between sliding

tribological applications. The reported sliding friction coefficients of DLC films range from 0.001 to 0.5, depending on

test conditions, deposition methodology, and counterface materials [2,17-26]. They can also reduce friction under oil or

water lubricated conditions. The friction coefficients are generally lower under heavier loads and reach low steady-state

friction coefficients faster at higher sliding velocities than at lower velocities [25].

Depending on test conditions, tribochemical (such as tribo-oxidation[27-31]) and structural changes (such as

graphitization [22-26,32-35]) may occur at or near the sliding contact surfaces of DLC films and strongly affect their

friction and wear behavior. It is well known that with respect to graphite, both the diamond and DLC films are unstable.

When subjected to thermal and/or mechanical loadings, they may transform to the more stable graphitic form.

Substantial frictional heating can easily occur at real contact spots of DLC films and the transient temperatures of these

spots can reach very high values. Repeated occurrence of such heating/cooling at real contact spots under high loads

can convert unstable sp3-bonded carbon to the more stable spLbonded form. A combination of TEM, electron

diffraction, bright-field/dark-field imaging, Raman, and FTIR spectra were used by Erdemir et al. and Liu et al. [32-35]

and Ramirez and Sinclair [36] to show that sliding contact surfaces of counterface pins were indeed covered by a thin

transfer layer and that the wear of DLC was controlled by a micrographitization mechanisms.

Chemi-sorption and/or desorption of active gaseous species may also have strong influence. Among others, oxygen

and water molecules have the greatest effect on friction of both the hydrogenated and hydrogen-free DLC films. For

example, in dry air and inert gases, friction coefficients of 0.001-0.02 appear feasible [2,14,15,18,25-28]. However, in

humid air, the friction coefficients may increase to 0.3 while sliding against both metallic and ceramic materials [27].

Increasing humidity has a beneficial effect on the frictional behavior of hydrogen-free DLC films [37]. Furthermore,

films with high doses of Si and Ti seem to be less sensitive to humidity [38,39]. The presence of atomic hydrogen in

test chambers appears to have a beneficial effect on the friction behavior of both the hydrogenated and hydrogen-free

DLC films [40]. However, molecular hydrogen has lesser beneficial effect.

Lubrication Mechanism

In general, the extent of friction between two sliding surfaces is largely governed by the physical and chemical

interactions between them. Rougher surfaces can cause greater mechanical interlocking and hence high friction. For

example, reduction or elimination of physical roughness in diamond films resulted in ultra-low friction [41,42].

When the contribution of surface roughness to friction is reduced, the extent of adhesive interactions becomes the

dominant cause of friction between two sliding surfaces. The strength of adhesive bonding across the sliding

interfaces of DLC films may result from a large variety of short- and long-range interactions. Some of these are very

strong in nature (i.e., covalent.) while others are rather weak (such as van der Waals forces, electrostatic attractions,
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capillaryforces,etc.).Inshort,themakingandbreakingofbondsacrosstheslidinginterfacelargelydeterminesthe
extentoffrictionbetweenslidingDLCsurfaces.

In DLCfilms,covalentor o-bonds cause the strongest interactions (if available) across the sliding interface and

hence give rise to highest friction in these carbon materials. For example, when diamond and hydrogen-free DLC

films are friction-tested in ultrahigh vacuum or at high temperatures, they may exhibit friction coefficients of >1,

presumably because the o-bonds of surface carbon atoms are exposed and are free to form strong covalent bonding

across the sliding interfaces [6]. If moisture or other active gaseous species such as, oxygen, hydrogen, fluorine, etc.,

are introduced into the vacuum chamber, the friction coefficient of diamond and of hydrogen-free DLC drops

precipitously to as low as 0.05, presumably due to the passivation of the o-bonds and thus the elimination of strong

covalent interactions across the sliding interface. This is the most widely accepted explanation for the low-friction

mechanism of diamonds [4,5,43-45].

The other important bonds for the friction and wear behavior of diamond and DLC films are the relatively weak van

der Waals attraction and _z-bonding, which are more relevant to graphite than to diamond or high-quality DLCs.

When graphitic DLCs are tested or the sliding surfaces of DLC are graphitized (under the influence of high thermal

or mechanical loadings at high sliding velocities), the extent of van der Vaals and _z-rc*-attractions may become very

important and dominate the frictional performance of these materials [22, 32-35]. Lastly, in humid air, several mono

layers of water molecules and/or other gaseous species may precipitate on the surfaces of sliding DLC films. These

adsorbed layers may form a meniscus in and around the contact spots and then give rise to capillary forces that cause

high friction. In vacuum or well-controlled dry and inert-gas environments, such forces are greatly reduced or

essentially absent, but other residual gaseous species such as oxygen, hydrogen, etc., may chemisorb on these
surfaces and dominate the friction and wear behavior of diamond and DLC films.

Tribology of Super-low Friction Carbon Films

Systematic studies in our laboratory on DLC coatings over the past 10 years have indicated that the chemistry of source

gases (from which the DLC films are derived) can have dramatic effects on the friction and wear performance of the

resultant films. For example, when tested in dry N 2, a sputtered and/or arc-PVD-deposited DLC film provided friction

coefficients of 0.6 to 0.7. DLC films derived from methane exhibited friction coefficients of 0.015-0.02 (which are 30

to 40 times lower than those exhibited by the hydrogen-free DLC films) [ 16]. Films derived from C2H2Provided friction

coefficients of 0.3 under the same conditions. Furthermore, addition of hydrogen (up to 90%) to CH 4 or C2H 2 source

gases made the resultant DLC super lubricious,. In fact, the films grown in 75%H 2 + 25% CH 4 gas mixture provided

friction coefficients as low as 0.003 in dry N 2 [2,15,16]. Figure 1 summarizes the frictional performance of various

DLCs grown in hydrogen free to highly-hydrogenated gas discharge plasmas. Some of the actual frictional traces of

these films are shown in Figure 2. As is obvious, these results reveal a close correlation between the friction coefficients

of DLC films and the H/C ratio of the hydrocarbon source gases. In general, the higher the H/C ratio of source gases,

the lower the friction coefficient (suggesting that hydrogen plays an important role in frictional behavior of DLC films).

In open air with 50% relative humidity, the friction coefficient of the best film increases to 0.026 as shown in Figure 3,

suggesting that the capillary forces may be in action. The rigidity of substrate material seems to play a major role in

friction as well. The lowest friction coefficient was achieved on sapphire or WC substrates. Figure 4 shows the friction

coefficient of same DLC film produced on sapphire and steel substrates. As far as the wear life of the DLC films are

concerned, they can last rather long. In one test, a 1 micrometer-thick DLC film was able to last over 17 millions cycles

(that translated into 1300 km sliding distance).

Mechanistically, hydrogen can chemically bond to and effectively passivate the free o-bonds of carbon atoms in

diamond and DLC films and make the surfaces of these materials chemically very inert [4,5,43-45]. This is the

widely accepted view used to explain the low friction nature of diamonds. Note that the C-H bonding is covalent and

extremely strong (stronger than single C-C bonds). When extra H2 is used during DLC deposition, several important

events occur and determine the structural chemistry of the DLC. First, it is reasonable to claim that the amount of

hydrogen in the bulk, as well as on the surface, of the DLC films will increase when extra hydrogen is used in the gas

discharge plasmas. Most of the hydrogen atoms are expected to be paired with the o-bonds of carbon atoms, but

some unbonded free hydrogen may also be present as interstitial species in the structure. Increased hydrogen density

in the bulk and on the surface should effectively diminish or even eliminate the possibility of any unoccupied o-

bonds remaining and participating in adhesive interactions during sliding. Second, hydrogen is known to effectively

NASA/CP--2001-210948 440 August 6, 2001



etchoutorremovethesp2-bondedorgraphiticcarbonprecursorfromthefilmsurfaceandthuspreventtheformation
ofplanargraphiticphasesand/orcross-linkingthatcangiveriseto_z-bonding[46].WhenDLCfilmsarepreparedin
ahighlyhydrogenatedplasmaandunderenergetichydrogenionbombardment,strongC-HbondingratherthanC=C
doublebondingshouldbefavored.Asexplainedabove,theexistenceofresidual_z-bondingthatcanresultfromC=C
doublebondsinDLCcangiverisetohighfriction.Finally,someofthecarbonatoms(atleastthoseonthesurface)
weredihydrated,thatistosay,twohydrogenatomswerebondedtoeachcarbonatomonthesurface.Thiscanoccur
ontheunreconstructed(100)surfacesofdiamondstructuresundersomespecialorsuper-criticalconditions[46]that
mayhavebeencreatedbytheenergetichydrogenbombardmentinahighlyhydrogenateddischargeplasma.The
existenceofdihydratedcarbonatomsonthesurfaceswillincreasehydrogendensityofthesesurfacesandprovide
bettershieldingorpassivationandthussuperlowfriction.SuchafrictionmodelispresentedinFigure5forpartially
di-hydratedslidingDLCsurfaces.

Asmentionedabove,otherforcessuchasvanderWaalsandcapillaryforces,aswellaselectrostaticattractioncan
alsobepresentandcauseadhesionandhencefrictionattheslidinginterfacesof DLCfilms.Becauseweranthe
frictiontestsinaclean,drynitrogenenvironment,theextentofcapillaryforcesduetomoistureprecipitationonthe
slidingsurfacesshouldbeminimaloressentiallyabsent.AsforthevanderWaalsforces,theywillbepresentatthe
slidinginterfacesbuttheirrelativecontributionstooverallfrictionalforceshouldbeinsignificantbecauseweused
veryhighcontactloadsinourtests.Asfortheelectrostaticattraction,sincetheDLCfilmsareingeneraldielectric,
theirslidingsurfacescancertainlyaccumulatestaticelectricalcharges.Thenthemainquestioniswhetherthese
chargeswillcauseattractionorrepulsion.Whenthefreeelectronsofhydrogenatomspairwiththedanglingo-bonds

of carbon atoms, the electrical charge density is permanently shifted to the other side of the nucleus of the hydrogen

atom and away from the surface. Such a shift in charge density allows the positively charged hydrogen proton in its

nucleus to be closer to the surface than the electron which is used up by the o-bond of the surface carbon atoms.

Therefore, it is reasonable to claim that the creation of such a dipole configuration at the sliding interface should give

rise to electrostatic repulsion rather than attraction between the hydrogen-terminated sliding surfaces of the DLC

films.

In short, hydrogen plays a key role in both the type and extent of chemical/physical interactions and hence the

friction of DLC films. Films grown in hydrogen-rich plasmas are more likely to contain more hydrogen on their

sliding surfaces, in their microstructures than will the films grown in pure CH 4 so that these films are chemically

more inert and their covalent o-bonds (which can cause high adhesion/friction) are absent.

The wear resistance of super-low friction DLC films were rather high and correlated well with their friction

performance. Specifically, films with higher friction coefficients suffer higher wear rates. The difference between

wear rates of balls coated with CH 4 + 75% H2-grown DLC and those coated with CH4-grown DLC films is more than
9 3

one order of magnitude (i.e., 9 x 10- mm/N.m for methane-grown film vs. 4.6 x 10 -10 mm3/N.m for 25% CH 4 -I- 75%

H2-grown film).

SUMMARY AND FUTURE DIRECTION

DLC films have much to offer for future tribological applications. Over the years, great strides have been made in the

deposition and characterization of these films. Their widespread uses by industry will increase when and if the

reliability and quality control issues are adequately addressed, and the quality control mechanisms are developed.

Unlike most other engineering materials, DLC enjoys a combination of super low friction and high wear resistance

under a wide range of sliding contact conditions. Recent trends suggest that with proper process control and structural

engineering (e.g., control of gas plasma chemistry, graded interface and multilayer coatings, and metal-ion doping, etc),

DLC films can be tailored to provide superlow friction, last very long, and function well under demanding tribological

conditions.
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Figure 2. Actual friction traces of some of the DLC films presented in Figure 1. Note that higher the H/C ratio of gas

discharge plasma, the lower the friction coefficient. (Test Conditions: load, 10 N; speed, 0.3 m/s; temperature, 22°C;

environment, dry nitrogen).
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ABSTRACT

Tribology experiments were performed with nano-size diamond films to investigate the influence of the

amorphous phase among the diamond films for the reduction of the friction and wear of the films and balls. Diamond

films were prepared by microwave plasma CVD with the mixture of hydrogen and methane gas under the high

methane content ration of 5, 9, 17 and 23 at% on the Si (100) wafer. The films deposited under 5 and 9at% methane

content ratio included large size grains (200-500nm). XRD analysis showed the sharp diamond (111) peak. On the

other hand the films deposited under 17at% and 23at% methane content ratio showed the nano size diamond grains.

XRD analysis showed the broad diamond (111) peak were observed in both films. Especially the film deposited with

23at% methane content showed the amorphous peak under the diamond (111) crystal peak indicating the existence

of the amorphized grains. Ball on disk experiments were done using the steel ball in dry air condition. The films

prepared with the methane content of 5 and 17at% showed the high friction coefficient of 0.5 and 0.22. On the other

hand the films deposited under 23at% methane gas showed the low friction coefficient of 0.11 and the wear rate of

the film and ball are 1.15xl0-7mm3/Nm and 4.5xl0-7mm3/Nm respectively which are relatively low value. Low

friction coefficients and the low wear rate of the ball in this case are considered due to the existence of amorphous

phase in nano-size diamond film from XPS analysis.

Keywords: Nano-size diamond, Microwave Plasma CVD, Friction Coefficient, Wear Rate, Steel-ball.

INTRODUCTION

Low friction and high wear resistive carbon films are currently great interest for the wear protection. Recent studies

showed nanocrystalline diamond film is one of the prospective materials as a solid lubricating materials (ref. 1,

2,3,4). It exhibits the smooth surface, low friction coefficient due to the small grain size and high wear resistivity due

to its high hardness. However nanocrystalline diamond film still has a problem of ploughing characteristics of the

films against the counterparts. As a results it causes the increasing of the wear rate of the ball which is much larger

than that of a-C films. In our previous work we synthesized the nano-size diamond films in microwave plasma CVD

in which grain size were varied from 20nm to 50nm (ref.5). However the results of the friction test indicated that the

wear rate of the steel ball was 3xl0-_mm3/Nm which was relatively higher value. From this point of view, we

recently prepared the nano-size diamond films under the high methane content up to 23at% and enhance the

amorphous phase in diamond films. These experiments resulted in the improvement of the tribological properties,

especially the specific wear rate of the steel ball has been improved. In this paper we firstly discuss the structural

properties and hardness of these films and next we discuss the wear properties of the films and balls.

EXPERIMENTALS

Diamond films were prepared by antenna-induced microwave plasma CVD. In this CVD system, eight metal

antennae around the cylindrical quartz tube transmit the microwave power inside the chamber. Therefore electrical

fields from each antenna are overlapped, and it makes possible to create the uniform plasma at the center of the
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chamber,whichresultin theuniformthicknessdistributionofthefilmsoverthe4-inchsubstrate.Eacheightmetal
antennaeareconnectedwiththemicro-wavedipoleantennaperpendiculartothewaveguide.

Asapre-treatmentofthesubstrate,Si(100)waferswerescratchedbythefinediamondpowders(5nmand1Hm)
andtheywerecleanedultrasonicallyinacetonebathbeforeintroducingintotheCVDsystem.Depositionofnano-
sizediamondfilmswereconductedundertheconditionofhydrogenflowrateof 100sccmandmethaneflowrateof
5-30sccmatthepressureof 16.5-24Torrwiththemicrowavepowerof2000Wandthesubstratetemperaturewas
650°C.Depositiontimewas5hours.Thicknessof depositedfilmswereabout500nm.Wecallthesamplesprepared
withthemethaneflowrateof5sccm(5at%),10sccm(9at%),20sccm(17at%)and30sccm(23at%)assampleC1,
C2,C3andC4respectively.Scanningelectronmicroscopy(SEM)wasusedtodeterminethesurfacemorphology.
ThecrystallinityofthediamondgrainwasmeasuredbyX-raydiffraction(XRD).RAMANspectroscopywasusedto
characterizethebondingstateofcarbonatoms.FrictioncoefficientwasmeasuredbyCSEMball-on-disktesterat1N
loadwiththeslidingspeedof 30mm/sinthedryairconditionattheroomtemperaturebyusingthesteelballwhich
containedseveralelements(1.5at%ofCr,lat%ofC,0.5at%ofMnand0.25at%ofSi).Hertizancontactstresswas
estimatedas0.31GPa.AWearratewascalculatedfromthedepthanalysisoftheweartracksofthefilmsandballsby
surfaceprofilemeter.MicrohardnessofthefilmsweremeasuredbyNanoindenterXP(MTS).X-rayphotoelectron
spectroscopy(XPS)wasusedtoanalyzethechemicalshiftofcarbonbondingbeforeandafterfrictiontestatthe
surfaceoftheweartrack.

RESULTS AND DISCUSSIONS

Fig.1 shows the SEM micrographs at the surface of sample C1,C2,C3 and C4 respectively. A large grains (50-

400nm) are observed at the surface of the sample C1 and 100-200nm grains are observed in sample C2. On the other

hand nano-size grains (30-50nm) are seen at the surface of the sample C3 , C4, which were deposited relatively

under high methane condition. RAMAN spectra are shown in Fig.2. Each spectra shows the diamond peak
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at the energy of 1333 cm -1 . The broad peaks were observed at 1150, 1330 and 1450 cm -1 RAMAN shift energy.

The peak intensity of the diamond line decreased with increasing the methane gas flow rate during the deposition.

This suggests that grain size changed into small with the increasing of the methane flow rate. XRD measurement

from the glancing angle was carried out in order to examine the crystallinity of the diamond films. Fig.3 shows the

diffraction peaks from the diamond (111) plane which are divided into the crystal diffraction peak and broader

amorphous peak (hatched area in the each spectra). These figures indicate that the diffraction peaks of crystal line are

sharp in sample C1 and C2 but little wider in sample C3 and C4. The grain sizes were estimated in Fig.4 by using

S cherrer formula from the width of (111) diffraction peak after removing the influence of the diverging X ray which

is inherent to the optical system in this equipment. In sample C1 in which small grains are layered under the large

grains, average grain size is calculated as 85nm. In sample C2, average grain size is calculated as 155nm. The grain

sizes of sample C3 and C4 are calculated as 47nm, 32nm respectively which are in good agreement with the results

of SEM observations of the nano-size diamond films in Fig. 1. Fig.4 also shows the increasing of the amount of the

amorphous phase in the diamond films with increase of the methane gas concentrations during the deposition.

Especially between sample C3 and C4, amorphous phases increased significantly. An amorphous phase in sample C4

are distributed in the wide diffraction range. Although SEM micrograph in Fig.2 shows that morphologies of

sample C3 and C4 are the same, the results of XRD measurement suggest that the crystallinity of these samples are
different.
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The significant increase of the amorphous phase in sample C4 was also examined by the micro-hardness

measurement shown in Fig.5. The average hardness of the sample C1, C2, C3 and C4 were 86Gpa, 74Gpa, 79Gpa

and 55Gpa respectively. These data indicate that the hardness remains constant at lower methane content below 17

at%, however hardness value decreases gradually over the 17% methane ratio. It is thought that the degredation of

the crystallinity at these ranges is in good accordance with the results of XRD analysis. As a whole the

morphologies of the CVD-diamond films in this system have changed from the films with coarse grains to the nano-

size diamond films when methane content has increased to 17at% under the deposition condition of 2kW MW power

and the pressure of 16.5-24 torr with the substrate temperature of 650°C. Moreover amorphous phases have

increased when methane content has increased over 17at%.

The behaviors of the friction coefficient of the sample C1, C3 and C4 for the steel ball are shown in Fig.6. The

film of sample C2 was peeled off soon after a friction test started. The results of the friction test indicate that sample

C1 containing the coarse diamond grains showed a high friction coefficient of 0.6 constantly from the beginning to

the end and sample C3, which contains the nano-size diamond grains, also showed high friction coefficient of 0.8-

0.9 at the beginning of the friction test though it reduced to the 0.22 at the end of the test. On the other hand sample

C4 containing the amorphized nano-size grains exhibited the sudden reduction of the friction coefficient at the

beginning of the test and it reached to lowest value 0.11 at the 12000 revolution times compared with other samples.

The wear rate of the films of sample C4 was 1.15xl0-7mm3/Nm. And it did not have so much difference with that of

the sample C3 (1.54x 10-7mm3/Nm). However it should be noted that the wear rate of the ball materials showed a big

difference between sample C3 and C4. Because the wear rate of the steel ball for sample C3 turned out to be 3.5xl0-

_mm3/Nm and that of the sample C4 was 4.5xl0-7mm3/Nm ,lower value. This low wear rate of the ball is thought to

be due to the existence of the amorphous phase among the film.

In order to examine the effect of the amorphous phase in nano-size diamond films for steel ball, XPS measurement

was carried out. Cls state of sample C3 and C4 were analyzed at the pure surface of the films and the surface upon

the wear tracks. The results showed Cls spectra at the pure surface of the sample C3 exhibited the peak at 285.5 eV

which was near the peak position of Cls spectra of sp 3 bonding in CVD-diamond (ref.6). A shoulder peak was also

observed at the lower energy region indicating the existence of some amount of sp 2 bonding in the films. However at

the surface of the wear track, Cls peak was shifted to 285.1eV suggesting the increase of the carbon sp 2 bonding

after the friction tests. It is thought that friction coefficient has been decreased because of the transformation of the

carbon bonding after a several sliding. On the other hand Cls spectra at the pure surface of the sample C4 exhibited

the peak at 285.35 eV which was lower than that of sample C3 suggesting that the sp 2 ratio was relatively higher at

the pure surface of the sample C4 rather than sample C3. Cls peak at the surface of the wear track was positioned at

285.3 eV which was not shifted after the sliding test. Therefore it is thought that an existing of the relative amount of

amorphized sp 2 phase in nano-size diamond films gives influence to decrease the friction coefficient and wear rate

for steel ball. Fig.7 shows the friction behaviors of the deposited films for SiC ball. The friction coefficient of the
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sample C4 decreased to 0.11 at the end of the friction test compared with that of sample C3 (0.16). And the wear

rates of the ball are 2.3xl0-6mm3/Nm and 9. lxl0-7mm3/Nm for sample C3 and sample C4 respectively. These results

suggest that amorphous phase among the nano-size diamond grains takes good effect also for reduction of the

friction and wear rate of the SiC ball. However the wear rate of the films for sample C3 and sample C4 showed 6.3

xl0-Smm3/Nm and 3.9xl0-7mm3/Nm, indicating that film wear increased due to the appearance of the amorphous

phase when sliding with SiC ball. The reason is thought that amorphous sp 2 phase has influence for the surface of

the SiC ball to increase the adhesiveness at the interface. As a result the surface of the film was scratched and wear

rate increased, although friction coefficient decreased because of the decreasing of the shear strength. These results

indicate that the effect of the amorphous phase in nano-size diamond films depend on the ball materials. However it

is clear that it promotes the tribological properties in case of the steel balls

CONCLUSIONS

Tribology experiments were performed with nano-size diamond films to investigate the influence of amorphous

phase among the diamond films. Diamond films were prepared by microwave plasma CVD with the mixture of

hydrogen and high contents of methane gas. The films deposited under 17at% and 23at% methane ratio show the

nano size diamond. The film of 23at% methane ratio shows the broader XRD peak which can be separated from the

diamond (111) crystal peak indicating the existence of the amorphized grains. Ball on disk experiments were done

using the steel and SiC ball in dry air condition. The film deposited under 23at% methane gas shows the low friction

coefficient of 0.11 and the low wear rate of the films and balls which are 1.15x 107mm3/Nm and 4.5x 107mm3/Nm

in case of the steel ball. Low friction coefficients and the low wear rate of the balls are considered due to the

existence of amorphous phases in nano-size diamond films that were confirmed by XPS analysis.
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ABSTRACT

The field of nanocrystalline diamond and tetrahedral amorphous carbon films has been the focus
of intense experimental activity in the last few years for applications in field emission display devices,
optical windows, and tribological coatings. The choice ofsubstrate used in most studies has typically been
silicon. For metals, however, the thermal expansion mismatch between the diamond film and substrate

gives rise to thermal stress that often results in delamination of the film. To avoid this problem in
conventional CVD deposition low substrate temperatures (< 700 C) have been used, often with the
incorporation of oxygen or carbon monoxide to the feedgas mixture. Conventionally grown CVD diamond
films are also rough and would require post-deposition polishing for most applications. Therefore, there is
an obvious need to develop techniques for deposition of well-adhered, smooth nano-structured diamond

films on metals for various tribological applications. In our work, nanostmctured diamond films are grown
on a titanium alloy substrate using a two-step deposition process. The first step is performed at elevated
temperature (820 °C) for 30 minutes using a H:/CI-IdN2 gas mixture in order to grow a thin (approx. 600
nm) nanostructured diamond layer and improve film adhesion. The remainder of the deposition involves
growth at low temperature (< 600 °C) in a H:/CI-L/O: gas mixture.

1800

.i,.,,a

iw,,i

O

I I I I I I I

1500

1200

900

600

300

0 I I I I I I I

0 25 50 75 100 125 150 175 200

Time (minutes)
Figure 1: Laser reflectance Intefferometry (LRI) pattern during growth of a nanostructured diamond film
on Ti-6A1-4V alloy. The first 30 minutes are at a high temperature of 820 °C and the rest of the film is
grown at a low temperature of 580 °C. The fringe pattern is observed till the very end due to extremely low
surface roughness of 40 nm.

The continuation of the smooth nanostructured diamond film growth during low temperature deposition is
confirmed by in-situ laser reflectance interferometry (Figure 1) and by post-deposition micro-Raman
spectroscopy and surface profilometry. Similar experiments performed without the starting nanostructured
diamond layer resulted in poorly adhered films with a more crystalline appearance and a higher surface
roughness. This low temperature deposition of nanostructured diamond films on metals offers advantages
in cases where high residual thermal stress leads to delamination at high temperatures.

We acknowledge support from the "Advanced Materials Cluster" of the NASA-EPSCoR Alabama
Program under Grant No. NCC5-165.

Keywords: nanostructured diamond, metals, interferometry, adhesion
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ABSTRACT

_ _ is_ _ _[_ carbon(DLC)wi_ ix_pmiesv_ close_om_e diama_ _ _

_ is the low flier(realcoetfdent and high wear tesislar_. _ WC dis_ were coa_ byamtxttx_ diamt_ deposited

by caltrxtic arc. These disks were mbl_ cyclicallyby pim rnade of akmaknzn-silicon alloy (4032), ¢mtxm steel (52100), anda_henim

c_nies (AI_). It was found _at frica_ _ atter abeperiodof"mak-in," was significantly ret_ed wt'en _ wiah

fiat ofuncoa_ carbides. However, the fdcfional coefficient(02) with steel was more than twice that with A1 alloy (0.9) and altmfim

(0.8).I1aisahxxmal high frictia-al coeti_cientisrx_sa"olydue tmhe clx_cal in_ _we_n arface _ of_ _ _

The wear mt_hanisms include mechanical attrition, chemical adhesion, and fatigue. The wear loss was the highest for the

softer A! aBoy,and lowest for 52100 steel. However, the wear of amorphous diamond was the highest when it was rubbed

against Al-al_. It was postulated that diamond was worn down primar_y by the hardened layers of A! alloy and ox)gen

formed _ during the rubbing actio_
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PEEM AND NEXAFS ANALYSIS OF WEAR DEBRIS OF SI INCORPORATED

DIAMOND LIKE CARBON FILMS IN VARIOUS ENVIRONMENTS
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Andreas Scholl, Frithjof Nolting, H. Padmore
Lawrence Berkeley National Lab. University of Berkeley, Berkeley, CA 94720, USA

Si incorporation into diamond4ike carbon (DLC) film has been known to improve the mechanical
properties and tribological behavior of the films. While the friction behavior of pure DLC film is
significantly dependent on the test environment such as humidity or oxygen, it has been reported that the Si
addition can reduce the environmental dependence of the friction behavior. However, Si incorporated DLC
film also shows a different friction behaviors depending on the test environment, even if the friction
coefficient between the film and steel ball in humid air is much smaller than that of pure DLC film. Among
three test environments of dry air, humid air and vacuum, improved friction behavior by Si addition was the
most significant in dry air.

In order to understand the mechanism of the different friction behavior, we investigated the chemical
structure of the debris by PEEM and NEXAFS at Advanced Light Source of LBNL. Tribological test was
performed using environmental ball on disk type wear-rig AISI52100 steel ball was used for the wear test.
The films were deposited on Si wafer by r.f.-PACVD using mixture of benzene and silane as the precursor
gas. Si concentration of the film was varied from 0 to 9.5 at.% by adjusting the concentration of silane.
The film was deposited at the negative bias voltage of 400 V and the deposition pressure 1.33 Pa.

In humid air, it was observed that the debris were partly polymerized and finely dispersed when the Si
concentration was larger than 5 at.%, which resulted in low and stable friction behavior. In dry air, the
chemical bond structure of the debris was essentially the same as those in humid air. However, the debris of
smaller size has more spherical shape. These results imply that the rolling action of the debris seems to play
major role in dry air condition. However, in humid air, the debris seems to conglomerate with absorbed
water molecules. In vacuum, quite different chemical bond structure and morphology of the debris was
observed. The debris at low Si concentration showed typical NEXAFS spectrum of a polymer
(polymethylmethacrylate). The polymeric component in the debirs decreased as the Si concentration
increased. Based on these observations, the environmental effect of the friction behavior will be discussed
in terms of the tribo-chemical reaction between the films and the steel ball and the behavior of the debris

during the wear test.
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We present the results of a full molecular dynamics

simulation of the structure of amorphous carbons containing

nitrogen. We used an ab initio approach based on the Car

Parrinello method in the generalised gradient approximation.

Three different concentrations of nitrogen were studied.

The local spin density approximation was used to study

the effect of ionising the nitrogen site in order to

understand the non volatile memory effect in some nitrogen

doped carbons.
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The diamond-like carbon (DLC) films are of interest in connection with protective materials. With the

development of computer technology, the storage capacity of hard disks has been an explosive increase. In order to

accomplish a high-density memory, the distance between the magnetic media and the magnetic head must be

decreased. The protective overcoat of the magnetic head plays an important role under an extreme condition.

Previously, we reported the deposition of DLC and carbon nitride films using an electron cyclotron resonance

(ECR) plasma sputtering method (ref. 1). Because the ECR sputter technique can give the stable plasma at low

pressure and the high plasma density easily (ref. 2 and 3), the formation of the hard film with low friction coefficient

can be expected. We found that the DLC films deposited by ECR plasma in low-pressure atmosphere showed

significantly low friction properties. However, the deposited film has high internal stress and readily exfoliated. The

properties of films were improved by the mixing of nitrogen atoms in the films. Although the excess of nitrogen

atoms in the films showed the high friction coefficient and high wear rate, the films contained a small amount of

nitrogen showed the low friction and wear resistance. However, the friction coefficients of the films contained

nitrogen were slight higher than that of DLC film. In this paper, we report the contribution of bonds for tribological

properties of the films containing a few amount of nitrogen atom.

The films were deposited on Si (1 0 0) substrates by sputtering of graphite target in either argon and/or nitrogen

gas atmosphere. Microwave (2.45 GHz) was introduced into a plasma chamber and a negative bias was applied to

the target with DC power supply. The typical deposition conditions were as follows, pressure; 2.0 x 10 .2 to 4.0 x 10 .2

Pa, target bias; -350 V, microwave power; 400 W, substrate temperature; room temperature, deposition time; 30 min,

and substrate bias; self-bias. The substrate was washed by acetone, ethanol, and water in ultrasonic bath for 5 min,

and then the surface was pre-sputtered by argon plasma for 10 min before deposition. The characterization of the

deposited films was investigated by means of Raman spectra and XPS measurements, and the tribological properties

of the films were investigated by means of ball-on-disk method. The friction measurement was conducted under low-

humidity (15 - 25 %) against SiC ball. The sliding speed is 100 rpm, and diameter is 5 mm. The ball was contacted
with films at a load 0.1 N.

Figure 1 showed the Cls region of XPS spectra of the DLC films. These spectra were decomposed to three

constituents. The peaks of curves are 288.7, 286.2, and 284.8 eV for the film deposited at 2.0 x 10 .2 Pa. The binding

energy at ca. 289 eV would be ascribed to the C-O. The oxygen would be ascribed to water existed in the plasma

chamber and the graphite target as an impurity. The ratio of the peaks area of 286 and 285 eV are 0.35, 0.48, and

0.66 for the pressure at 2.0 x 10 -2, 3.0 x 10 .2 and 4.0 x 10 .2 Pa, respectively. It is indicated that the ratio of the peaks

area of 286 (sp 3) and 285 eV (sp 2) increased with the increasing of pressure. Moreover, these films showed low-

friction coefficient around 0.1 to 0.2. With increasing of the pressure, the tendency of increasing of friction

coefficient was also observed. It is considered that there are some relationship between the structural analysis and

tribological properties, though the friction data contain a few errors.

The CNx films deposited in an argon atmosphere with nitrogen gas showed the similar relationship between the

structural analysis and tribological properties. Figure 2 showed the Cls region of XPS spectra of the CNx films.

With increasing of nitrogen atomic ratio, the Cls XPS curve split to two parts. It would be considered that the

nitrogen atom enhanced the contribution of constitution of the peak at 286 eV. The friction coefficients of the CNx

films are 0.31, 0.38, and 0.45 for figure 2 (A), (B), and (C), respectively. The friction coefficients increase with the

increasing of nitrogen atomic ratio. Therefore, the excess nitrogen atom in the films will interfere with low friction
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coefficient.ItwouldbenotonlythereasonwhytheCNxfilmscontainedexcessofnitrogenshowedthehighfriction.
TheeffectofnitrogenatomsinDLCfilmsisstillnotclear.It wouldbedifficulttocomparewiththespectrumof
CNxfilmandthatofDLCfilm,becausethespectrumofCNxarecontributedfrommanyspecieslikeC-N(sp3),C-N
(sp2),C-C(sp2),andC-C(sp2)(ref.4).However,weconcludethatthechemicalstructureofthefilminfluencestothe
surfaceproperties.
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Figure 1. Cls region of XPS spectra of DLC films, (A) deposited at 2.0 x 10 .2 Pa, (B) 3.0 x 10 .2 Pa, and (C)
4.0 x 10 .2 Pa.
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Figure 2. Cls region of XPS spectra of CNx films, (A) deposited in N2/Ar = 1/9, (B) N2/Ar = 1/1, and (C) in

nitrogen atmosphere.
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ABSTRACT

The objective of this research was to develop and characterize hydrogenated silicon-containing diamond-like

carbon (Si-DLC) tribological coatings. A series of Si-DLC films was deposited by reactive sputtering in an

unbalanced magnetron sputtering system. Depositions were conducted with different tetramethyl silane flowrates

(TMS), thus varying the amounts of silicon and hydrogen in the films. All films were deposited onto an interlayer

of sputtered titanium to improve substrate adhesion and enhance mechanical properties. The goal of this study was

to understand the correlation between TMS flowrate, the bonding environment in the Si-DLC phase, and mechanical

properties. Hardness and elastic modulus were measured via microindentation, and internal compressive stress was

determined from surface mapping microscope radius of curvature measurements. Film chemistry was investigated

with x-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and attenuated total reflection Fourier transform

infrared spectroscopy (ATR-FTIR). XPS and ATR-FTIR indicated that silicon carbide bonds are present in all of

the films deposited using TMS. Raman spectroscopy indicated that silicon incorporation may have reduced the

graphite cluster size. Conventional transmission electron microscopy revealed that the Si-DLC phase is amorphous,

and TiC exists at the Si-DLC/Ti phase boundary. It appears that after the silicon to carbon ratio in the films exceeds

0.04, the film matrix transforms from diamond-like/graphitic to that of a carbon-rich hydrogenated amorphous

silicon carbide containing small graphitic clusters.

Keywords: DLC, silicon, PVD, XPS, Raman

INTRODUCTION

Diamond-like carbon (DLC) coatings are known for being chemically inert and having low friction coefficients

and high hardness (ref. 1). A flexible, low friction, wear resistant DLC coating is desirable for use in high-

temperature, high-pressure tribological applications such as bearings. It has been reported (refs. 2,3) that

incorporating silicon into DLC lowers internal compressive stress, reduces humidity sensitivity on friction

coefficients, and improves the high temperature utility by reducing thermal degradation. In this study, a series of Si-

DLC films with a Ti interlayer was deposited and characterized. Mechanical property trends were observed, and the

film structure and chemistry results were applied to understand their basis and aid in future process development

efforts.

EXPERIMENTAL

Coating Deposition Process

The films for this study were deposited on steel coupons and silicon wafers using a closed-field unbalanced

magentron sputtering system. The system utilizes field coils to extend the effectiveness of the magnetron permanent

magnets and has a 3-axis planetary motion substrate-holding carousel. A reactive sputtering process with a mixed

argon and tetramethyl silane (TMS) feed gas was used for the depositions. TMS has been used elsewhere (refs. 3 to

5) as a feed gas to deposit both hard and polymer coatings. The volumetric flowrate ratio of TMS to argon was

adjusted to deposit films with varying silicon concentrations. Two titanium and two carbon targets were

simultaneously loaded in the chamber and sputtered in the appropriate layer sequence. Six coatings with varying

silicon contents are considered in this report. They were all deposited using the same carbon target magnetron

power, DC pulsed substrate bias level, argon flowrate, and field coil current. For all of these depostions, the system

pressure was in the range of 10-15 mtorr. The Si-DLC layer deposition time was 2 hours for all processes.

* Email: rde3@po.cwru.edu, Phone: 216-368-2648, Fax: 216-368-3016
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MechanicalProperties
A CSEMmicroindentation/microscratchtesterwithaVickersindentertipwasusedtogenerateload-

displacementcurves.Hardness(H)andelasticindentationmodulus(FindE/(1-v2))werecalculatedfromthese
curvesusingthemethodofOliverandPharr(ref.6).Apower-lawindentationareacorrelationtocompensatefortip
roundingwasdevelopedbasedonacalibrationstandard.Themaximumindentationdepthforthesetestswas
~350nm,roughly30%ofthefilmthickness.Thisisgreaterthanthe10%nanoindentationheuristic,sotheresults
wereadjustedforsubstrateeffects(ref.6).Theadjustedvaluesareonlyapproximate,asanestimateofPoisson's
ratiowasutilized(v=0.3).Theratioofyieldstrengthswasestimatedbyperformingvariableloadingstudiesand
fittingthedatatoanexponentialdecay.Thetrendfromthesesubstrate-adjustedmeasurementswasconsistentwith
themeasuredhardnesstrend,t_n d is reported without assuming a value ofv. The internal compressive stress of the

films was estimated by measuring the radius of curvature at several points on the coated Si wafer using a Phase Shift

Technology MicroXAM Surface Mapping Microscope. The radius of curvature data were inserted into the popular

Stoney equation to deduce the stress level in the film (ref. 7).

Structure/Chemistry Characterization

Cross-sectional film imaging was performed with a 200kV Philips CM20 Scanning Transmission Electron

Microscope in TEM mode. Sample preparation included ion polishing with a Gatan Precision Ion Polishing System

with low angle (4°), 4 keV argon ion beams. Film thicknesses were obtained using a Calowear tester, and were

verified with TEM. X-ray photoelectron spectroscopy (XPS) characterization was done with a PHI 5600 ESCA

system using an A1K_ 1486.6 eV monochromatic x-ray source, equipped with a PHI 04-303 sputter gun. Multiplex

scans were conducted until a peak/noise ratio of 1000 was obtained for the Cls peak. Physical Electronics Multipak

software was used for curve fitting. The integral method was used for baseline subtraction. Peaks were fit with 85-

100% Gaussian peaks having a FWHM 1-2 eV. The films behaved like conductors during XPS analysis, and the

binding energy scale was set using near surface Ti and O species as a reference. Raman spectroscopy work was

done with a Jobin Yvon Horiba LabRam system. A 20 mW HeNe laser with a wavelength of 632.82 nm coupled

with optical density filters and an 1800 g/mm holographic grating was used. The reported measurements were

obtained using a 2 mW laser. LabSpec software was used for polynomial baseline adjustment and Gaussian peak

fitting. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) work was done with a

Bomem MB-series system and a zinc selenide prism with a 45 ° angle of incidence. The films were pressed against

the crystal to provide good optical contact.

RESULTS AND DISCUSSION

Thickness, Composition, Structure

Figure 1 shows film thickness and Si/C ratio as detected by XPS in each film plotted versus the TMS/argon

flow rate ratio, QrMs/Qar. The sputtered Ti interlayer in each film was ~0.3 _tm thick for every coating. The Si-

DLC phase deposition rate increased linearly with increasing TMS flow rate. XPS depth profiling and TEM

revealed that a ~200 A thick surface layer of TiC and TiO2 exists on the surface of the films. This is attributed to a

final target-cleaning step which occurred after the film deposition and before the sample was removed. To obtain

the Si-DLC compositions, a surface layer of approximately 500A was sputtered away until there was no detectable

titanium present.
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Figure 1: Film compositions and thicknesses vs. TMS/Ar flowrate ratio
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CrosssectionalTEMmicrographsandselectedareadiffractionforthefilmwithSi/C 0.04areshownin
Figure2.FromtheTEMobservations,theSi-DLCphaseappearedtobeamorphousinallofthesilicon-containing
filmsinthisseries.Thetitaniuminterlayerispolycrystalline,anditsringpatternisconsistentwithamixtureof
cubicTiCandhexagonalTi.TheTilayerappearstoconsistofcolumnargrains.TheSi-DLC/Tiinterfaceissemi-
diffuseand~75nmthick.

500nm

iiiiiiiiiiiiiiiiiiiiiiiii  
'o°°°.°o°°°°°°*°*°°°°°°.'.'°'.'°'.'.'.'.'.'''.'.''.,° .........................
,o°°° .......................

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
___:::::::::::

...... • • -. • • • • • • • • • • • • • • • • • --.

::::::::::::::::::::::::::::::::::::::::::

:::::::::::::::::::::::::::::::::::::::::::::::::::::::
;::'," :::::::::::::::::::::::::::::::::::::::::::::::
:::::::::::::::::::::::::::::::::::.::._

Figure 2: (a) Coating cross-section; (b) View of Si-DLC/Ti interface; (c) SAD of Ti interlayer

Mechanical Property Characterization

Mechanical properties influence the performance and life oftribological coatings. Figure 3 (a) shows the

hardness and compressive stress vs. composition. A peak appears to be located at a Si to C ratio of 0.04 (flowrate

ratio QTMs/QAr 0.1). A connection between hardness and residual stress is obvious for these films. Another study

(ref. 2) has reported a peak in hardness with respect to silicon content in Si-DLC deposited with silane and benzene

utilizing rf-PECVD. These authors postulated that silicon incorporation initially increases interlinks and hardness,

but after a saturation point of~5 at%, Si-Si and Si-H bonds form that actively reduce the hardness. In order to

determine the applicability of this explanation to the present research involving reactive sputter deposition, chemical

analysis was performed on these samples as discussed in the next section.

A high level of residual internal stress is undesirable for tribological coatings, as it can cause poor substrate

adhesion and can lead to delamination of the film from the substrate. Figure 3 (a) shows that the residual stress

initially increased as Si was addedto the films and then decreased as the concentration exceeded Si/C 0.04. This

may be caused by an initial increase in Csp3-Csp 3 and Csp3-Si bonding that tightens the network, followed by the

formation of C-H bonds at higher Si contents that relax the network. A previous report (ref. 3) observed stress

reduction in PECVD-deposited Si-DLC without a peak. In the present case, the peak occurred after the transition

from a PVD (Si/C 0, no TMS addition) to a reactive sputtering (Si/C 0.04, TMS added to the system) deposition

process. The indentation modulus data are shown in Figure 3 (b). The modulus decreased as silicon and hydrogen

content was increased due to TMS addition. A high elastic modulus is typically associated with a large number of

C-C sp 3 sites in DLC, similar to the diamond lattice (ref 1). Added silicon and hydrogen lower the modulus,

presumably lowering the overall Csp3-Csp 3 bonding character. A film with a low E/H ratio is more elastic than a

film with a higher ratio (ref. 8). The silicon containing films appear to be more elastic than the Si/C 0 film.
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Figure 3: (a) Hardness and stress vs. composition; (b) Indentation modulus vs. composition
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FilmChemistryCharacterization
X-rayPhotoelectronSpectroscopy(XPS)

AnexaminationofXPSpeaklocationswasutilizedtoevaluatethetypeandrelativequantityofchemicalbonds
inthefilms.TheClspeakforthesefilmswasnon-GaussianwithaFWHM>2eV,characteristicofamorphous
carbon.TheClsfeaturecanbefitwithfourpeaksrepresentingfourcarbonbondingconfigurations(refs.5,9,10).
Since~500Aofthesurfaceforeachsamplewasremovedbyargonionsputteringpriortospectrumcollection,there
maybeamoderatesp3tosp2conversionandexaggerationofthegraphiticpeak(ref.11).Forthisreason,
quantitativejudgmentsaboutthebonddensityorsp2/sp3ratioarenotmadeinthisstudy.However,arelative
quantitativeevaluationismadebasedonthetrendsamongthesamples.Table1liststhepeakpositionsandareasfor
Ols,Si2p,andClspeakcurvefits.Possiblebondassignmentsareconsistentwithreferences5,9,10,and12.

Table 1: XPS peak fitting results

Possible Bond

Peak Si/C 0.00 0.04 0.06 0.10 0.14 0.18 Assignment
Pos. 531.8 531.9 531.9 531.9 531.8 531.9O1s 1 C=O

Area/%) 93.7% 100.0% 95.5% 100.0% 100.0% 100.0%

Pos. 100.6 100.5 100.5 100.5 100.6
1 Si-C

Si2p Area (%) 81.5% 91.4% 92.6% 93.6% 95.3%

2 Pos. 102.4 102.4 102.6 102.4 102.6 HxCyO_iw
Area (%) 18.5% 8.6% 7.4% 6.4% 4.7%

Pos. 281.8 282.0 282.1 282.4 282.6 282.71 Si-C
Area (%) 0.9% 1.2% 1.5% 2.9% 5.5% 5.2%

Pos. 284.1 284.1 284.1 284.1 284.0 284.1
2 C=C

Cls Area (%) 76.1% 79.5% 84.3% 84.9% 81.3% 84.8%
Pos. 285.9 285.7 285.8 285.9 285.5 285.83 C-C

Area (%) 17.1% 14.9% 11.1% 9.6% 10.8% 8.2%

Pos. 288.4 288.2 288.3 288.3 287.7 288.1
4 C-O, C=O

Area (%) 5.9% 4.4% 3.1% 2.6% 2.4% 1.8%

Oxygen was detected in every film at 2-4 at%. The Ols peak for every film was located at the same binding

energy of 531.86 + 0.05 eV. This band is attributed to C O bonding (ref. 13). For the films with Si/C 0 and 0.06,

a second peak at higher binding energies was found and attributed to HxCyOz species (ref. 12). There were no Ols

peaks for SiO2 at 533.0 eV or detectable Ti, indicating the films do not contain significant pinholes that would

expose Si or Ti surfaces.

The Si2p features were fit with two peaks, one at 100.5 eV and the other at 102.5 eV. The silicon bands were

attributed to the Si-DLC phase, as there was no band at 99 eV to indicate the presence of elemental silicon. As

expected, no silicon peak was observed for the sample grown without the addition of TMS. The Si2p peak at 100.5

eV could correspond to a variety of HxCySiz compounds, including SiCc_ (ref. 12). This is believed to be due to

regions of hydrogenated amorphous silicon carbide. The Si2p peak at 102.5 eV could represent a variety of

compounds with the general formula CxHyOzSiq in the energy range of 102.4-102.7 eV (ref. 12). The 102.5 eV peak

decreased and the 100.5 eV peak became stronger with increasing Si content.

The binding energy of the first Cls fitted peak was ~282 eV. As the Si content increased, the binding energy and

peak area also increased. This peak was attributed to Si-C, as the binding energy for SiC_ is 282.5-283.4 eV (ref.

12). The second Cls band was located at 284.1 eV for all of the samples. This binding energy is consistent with

graphite powder (ref. 14) and is attributed to graphite-like islands in the films caused by sputtering of the graphite

targets. The C C peak area increased rapidly from Si/C 0 to Si/C 0.06 and then leveled off. The third Cls band

at 285.8 eV was also constant in position among the samples, but the peak area steadily decreased with increasing

silicon content. This band was consistent with diamond (285.5 eV) (ref. 14), or sp 3 hybridized carbon bonding

(285.8 eV) (ref. 11). There appeared to be less Csp3-Csp 3 bonding with increasing silicon and hydrogen content. Si-

C bonds increased with increasing Si, so it couldbe concluded that, as the Si content increased, the majority of

tetrahedral bonding involved Si, C, and H rather than C-C. The last Cls band at approximately 288 eV is popularly

assigned to C-O or C O bonding (refs. 5, 9, 10). This carbon-oxygen bonding component appeared to decrease with

increasing silicon content. This observation is consistent with a decrease in CxHyOzSiw at 102.5 eV in the Si2p band
as Si in the film increases.

Raman Spectroscopy
The films contained a broad Raman band between 1100 and 1500 cm -1 region. This band is generally believed

to be composed of G and D bands centered around 1575 cm -1 and 1355 cm -1, respectively. The G band is due to the
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RamanactiveE2gmodeofgraphiteorC Csp2stretchvibrations.TheD("disordered")bandisattributedtoahigh
phonondensityofstatesindisorderedmicrocrystallinegraphite(ref.15).Althoughthephysicalvalidityoffitting
andinterpretingDLCspectrawithDandGbandsisoftendebatedintheliterature(ref.1),relativetrendsare
generallyacceptedtoindicatethegraphiticvs.diamond-likenatureofthefilms.Thus,inthisworkpeakfittingwas
usedtoindicatesuchtrends.Thebroadpeaksat1575crff1andG-andD-bandpositionsforthefilmsdecreased
linearlywithincreasingsiliconcontent.ThishasbeenobservedelsewhereforDLCserieswithincreasinghydrogen
andsiliconcontent(ref.2,15).Figure4showsthattheIJI_bandintensityratiodecreasesandflattensoutwith
increasingsiliconcontent.ThefilmwithSi/C 0hadthelargestID/I_ratioandsmallestGlinewidth.Itcould
containlargergraphiticclustersthantheSicontainingfilmsthathavesmallerID/I_ratiosandGlinewidths,
accordingtotheanalysisofreference15.Likewise,reference15reportedthattheDbandarisesasaresultofCsp3
sitesdisturbinggraphiticclusters.TheDbandintensitymaybereducedintheSicontainingfilmsbecausesilicon
andhydrogen,ratherthanCsp3sites,disturbedthegraphiticclusters.
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Attenuated Total Refection Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR was used to detect specific bonding types in the films, especially those involving hydrogen. Figure

5 (a) shows what appear to be interference effects (*) in the low Si films (Si/C 0 & 0.04). With the exception of

this phenomena, there were no distinguishable absorption bands. The films with Si/C 0.06 0.18, did display

absorption features as shown in Figure 5 (b). These same absorption features were also observed in external

reflection FTIR measurements. Popular peak definitions are as follows: Si-C stretch at 780 cm-1; C C stretch at

1600 cm-1; Si-H at 2160 cm-1; and C-H stretch at 2800-3000 cm -1 (refs. 16, 17). The band at 1000 crff 1 could be a

C-H rock/wag (ref. 9), a Si-CH2 and Si-CH3 deformation (ref. 16), or a Si-CH2-Si rock/wag (ref. 17). The Si-C bond

peak intensity increased with increasing silicon content. The peak at 1000 cm -1 increased slightly with increasing

silicon content. If this peak resulted from a Si-(CH2)-Si configuration, this evidence supports the claim that the film

matrix became more like hydrogenated amorphous silicon carbide with increasing Si content. The Si-H and C-H

peaks were also more distinct with increasing silicon content.
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Figure 5: (a) ATR-FTIR spectra for Si/C = 0, 0.04; (b) Expanded view of Si/C = 0.06, 0.10, 0.18
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CONCLUSIONS

A series of Si-DLC coatings with varying silicon contents and a Ti-interlayer were deposited. The mechanical

propertie s were measured and interpreted with respect to structure and chemistry results for the Si-DLC phase.

From TEM analysis, the Si-DLC phase did not appear to contain long range order. XPS indicated that Csp3-Csp 3

bonding was relatively more prevalent in the film with no Si. Raman results indicated that this film also contained

the largest graphitic clusters. The observed peaks in hardness and stress when Si/C 0.04 are likely due to a

maximum in the tetrahedral bonding in the matrix, including Csp3-Csp 3 and Csp3-Si bonds. This sample contained

the lowest amount of hydrogen as measured by ATR-FTIR, and apparently has the appropriate amount of Si to

interact with the sputtered graphitic material to produce the hardest and most tightly bound matrix. As the silicon to

carbon ratio in the films increased beyond 0.04, the film matrix apparently transformed from diamond-like/graphitic

to that of a carbon-rich hydrogenated amorphous silicon carbide containing small graphitic clusters. This was

indicated by a reduction in hardness, stress, modulus, Csp3-Csp 3 bonds by XPS, D- and G-band positions by Raman;

and an increase in Si-C, C-H, and Si-H bonds by XPS and ATR-FTIR. Ongoing research involves a high resolution

and analytical TEM evaluation of the local bonding environment in the Si-DLC phase and the Si-DLC/Ti interfacial

region.
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ABSTRACT

We investigated metalorganic precursor deposition using a Microwave Electron Cyclotron Resonance (ECR)

plasma for depositing metal-doped diamondlike carbon films. Specifically, the deposition of ruthenium doped

diamondlike carbon films was investigated using the decomposition of a novel ruthenium precursor, Bis-

(ethylcyclopentadienyl)-ruthenium (Ru(C5H4C2H5)2). The ruthenium precursor was introduced close to the

substrate stage. The substrate was independently biased using an applied RF power. Films were characterized using

Fourier Transform Infrared Spectroscopy (FTIR), Transmission Electron Microscopy (TEM) and Four Point Probe.

The conductivity of the films deposited using ruthenium precursor showed strong dependency on the deposition

parameters such as pressure. Ruthenium doped sample showed the presence of diamond crystallites with an average

size of -3 nm while un-doped diamondlike carbon sample showed the presence of diamond crystallites with an

average size of 11 nm. TEM results showed that ruthenium was atomically dispersed within the amorphous carbon

network in the films.

Keywords: MOCVD, Ruthenium, Me DLC, Nanocrystallites, ECR, HRTEM

INTRODU" TION

Diamondlike carbon (DLC) films are attractive for several commercial applications because of the range

over which their mechanical, optical, thermal and electrical properties could be tuned. Many techniques including

Radio Frequency (RF) discharges, DC Magnetrons, Ion Beams, Mass Selected Beams, Cathodic Arc and ECR

Plasma discharges have been demonstrated for deposition of hard amorphous carbon films. Please see the review

articles in references 1-2 and references within. Processing method, gas phase chemistry and the ion impact energies

play an important role in determining the diamondlike nature (sp 3 content) of the resulting amorphous carbon films.

Mechanical properties such as hardness and wear resistance depend upon the structure and the resulting stresses

within the films during deposition. Recently, it was shown that the use and choice of interlayer material depending

upon the softness of underlying substrate material could help reduce the stresses within resulting the amorphous

carbon films (ref. 3).

The structure of amorphous carbon is more open (density ranges from 1.5 - 2.5 gm/c.c, than the structure

of crystalline diamond (density of 3.5 gm/c.c). Because of its open nature, these amorphous carbon structures can

accept a wider range of dopants when compared to crystalline diamond. This presents an opportunity for

experimenting with a variety of dopant elements for imparting/improving new properties to the deposited

diamondlike carbon films and in synthesizing an entirely new class of materials based on sp3-bonded carbon

networks.

Silicon doping was shown to reduce stresses within the amorphous carbon films (refs. 4 to 5). Amorphous

carbon films doped with boron show p-type electronic behavior (ref. 6). There were reports of iodine doping into

RF plasma-deposited DLC films in which iodine was introduced as vapor from heated solid iodide sources (ref. 7).

Fluorine incorporated amorphous carbon films showed low surface energy, low moisture uptake and higher
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corrosionprotectionability(ref.8).NitrogendopingintoDLCfilmshasattractedattentionduetothepossibilityof
producingsuperhardcarbonnitridephase,C3N4. Nitrogen doping of amorphous carbon films with high sp 3 content

and low hydrogen content has been shown to affect electronic and electron emission properties (refs. 9 to 13).

Metal doping into amorphous carbon films is interesting for the following reasons: fundamental curiosity

on alloying behavior of carbon with metal; ability to manipulate electrical property through percolation of metallic

or metallic carbide inclusions inside amorphous carbon films; and ability to reduce stresses and improve adhesion

for improving mechanical properties (ref. 14). Co-sputtering and co-evaporation of metal were the primary methods

used for metal incorporation to deposit metal containing amorphous carbon films (refs. 15-22). In the films using

co-sputtered or co-evaporated metal, the metal was incorporated into amorphous carbon films in the form of

nanoclusters. These nanoclusters were found to be either metallic or metallic carbide depending on whether the

metal is carbide forming or noble type (refs. 17-22). In this study, we examined whether we can utilize metalorganic

precursor decomposition for metal incorporation into amorphous carbon films and how it impacts the structure of

amorphous carbon network and metal. The electrochemical properties of metal containing amorphous carbon films

depend upon the structure of the films (ref. 23).

EXPERIMENTAL

The deposition experiments were conducted using Electron Cyclotron Resonance (ECR) CVD reactor as shown

in the schematic in Figure 1. Microwave ECR discharge was created in a quartz bell chamber using a cooled

electron-magnet (ASTeX CECRP4025), a 250 W microwave power supply (ASTeX AX2000) and a coaxial slug

tuner (ASTeX AX3040). A 3" copper substrate stage was placed in a double walled stainless steel chamber at

approximately 30 cm below the ECR plasma discharge. Substrate stage was equipped with RF bias and cooling. The

generated bias voltage of the substrate above the chamber with applied RF power was measured using a DC

voltmeter and a RF choke circuit. Backside thermocouple was used to monitor the substrate temperature. Ruthenium

precursor, Bis-(ethylcyclopentadienyl)-ruthenium (Ru(CsH4C2H5)2, was introduced using a flow of carrier gas

through a bubbler containing the liquid precursor at room temperature. This precursor was introduced in the reactor

close to the substrate. Methane was used for depositing un-doped diamond-like carbon films by introducing it near

plasma discharge. The pressure was varied from 0.015 torr to 0.035 torr with a flow rate of 5 sccm and a MW power

of 200W. With a forward RF power of approximately 50W, the substrate bias was measured to be at -70V. The

measured deposition rates of ruthenium doped films and un-doped films at 0.025 torr pressure were -55 and 25

Angstroms/min, respectively. The deposited films were characterized using Infrared (FTIR) spectroscopy for C-H

bonding and four-point probe for conductivity.

---------4_ MW Generator

Exhaust _ECR Source

i [ @Electro

_ Magnet Exhaust

CH4 °r H2---*---_ l-- I I

Purge Gas--_ X , ____v_P___ _E____ T

Chemicm_ @_ cret;_ler vumps

WaterBath _J
RF Generator and

t.______aMatching Network

Figure 1. Schematic of the MW ECR chemical vapor deposition reactor.
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PlanviewTEMspecimenswerepreparedwithmechanicalpolishingfromSisubstrate,followedbyionmilled
withAr+ionsatliquidnitrogencooledstage.CrosssectionTEMspecimenswerepreparedasthefollowing:the
sampleswerecutintotwopieceswithasizeof2.5xlmmandthefilmsideswerebondedtogether,thenmechanical
polishedtoabout10-20gmandionmilledtoelectrontransparencyata liquidnitrogencooledstage.Conventional
transmissionelectronmicroscopy(CTEM)analysiswasperformedonJEOL2000FX.Highresolutionelectron
microscopy(HREM)wascarriedoutusingJEOLJEM2010Ffieldemissionelectronmicroscopy,operatingat200
kV,equippedwithanannulardarkfielddetector,ascanningunit,apostcolumnimagefilter(GatanGIF200)andan
Oxfordenergydispersivex-ray(EDX)detector.

RESULTS AND DISCUSSION

The electrical resistivities of the films deposited using ruthenium precursor varied from 1.3 x 10-2ohm-cm to

22 ohm-cm as the system pressure increased from 0.015 tort to 0.035 tort. The deposition rates were same over the

above pressure range. The conductivities of the films deposited at lower pressures were higher as shown in Figure 2.

This is consistent with a reported study in which pure ruthenium films could be deposited using the same precursor

(ref. 24). The results in Figure 2 with conductivity show that the ruthenium incorporation into the film could be

tuned with deposition variable such as pressure. The FTIR spectra behavior is similar to that observed with films

deposited using methane as precursor, i.e., the peaks associated with sp 3 hybridized bonding were sharper at 0.035

tort. The main difference is that the films deposited using ruthenium precursor at 0.035 tort showed a peak around

3100 cm -1 probably with higher amounts of sp 2 hybridized bonding.

The presence and distribution of ruthenium in these films was confirmed using electron dispersive

spectroscopy and electron energy loss spectroscopy (ref. 25). Figure 2 shows lattice images of two different film

samples deposited using methane and ruthenium precursors at 0.025 tort pressure. Both films showed the presence of

nanocrystallites. The selected area diffraction patterns are shown in Figure 3. The lattice plane spacings are

determined from the SAD patterns and are summarized in Table 1. These results confirm the structures of these

nanocrystals in both samples to be of cubic diamond. The formation of diamond nanocrystallites in un-doped

diamondlike carbon films deposited using MW ECR plasmas with applied RF bias energies of 150 eV was reported

(refs. 26-28). The results in this paper indicate that diamond nanocrystallites could be formed within diamondlike

carbon networks with typical applied RF bias voltages of-70V.
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Figure 2: (a) FTIR spectra films deposited using ruthenium precursor at different pressures. (b) Resistivity of

films deposited using ruthenium precursor at different pressures.
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Toourknowledge,nostudieswerereportedearlierontheformationofdiamondcrystallitesinanytypeof
metalcontainingamorphouscarbonfilms.In thisregard,thepresentobservationsofdiamondnanocrystallitesin
rutheniumdopedamorphouscarbonfilmsarecompletelyunexpected.Inaddition,anoblemetallikerutheniumdid
notexhibitclusteringwithintheamorphouscarbonnetworkasexpected.Theconductivityofthesample(resistivity
of 1ohm-cm)examinedinthispaperwassimilartothefilmsdepositedusingco-sputteringofmetalthatexhibited
metallicclusters.Anotherimportantobservationis thattheaveragesizeof diamondcrystallitesin thesefilmsis
muchsmaller(- 3nm)comparedtothose(-11nm)foundinthefilmsobtainedwithmethaneprecursor.Thisresult
indicatesthattheco-chemicalvapordepositionofrutheniumalongwithamorphouscarboninhibiteddiamondcrystal
growthandenhancednucleationofnewdiamondcrystalswithintheamorphouscarbonnetwork.AsshowninFigure
5,thesizedistributionofthediamondnanocrystallitesinthesetwoamorphouscarbonfilmsisnarrowercomparedto
un-dopeddiamondlikecarbonfilms.Theresultspresentedinthispaperindicatethatonecanproducedifferenttypes
of metaldispersionswiththeamorphouscarbonnetworksusingacompletechemicalvapordepositiontechnique
comparedtoahybridtechniquecombiningPhysicalVaporDeposition(PVD)suchassputteringandCVD.
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Figure 3: High resolution transmission electron micrographs (HRTEM) of un-doped and ruthenium-doped

diamondlike carbon films. Images show lattice images of nanocrystals of diamond.

(a) (b)

Figure 4: Selected area diffraction patterns of un-doped and ruthenium doped samples. Un-doped film was

prepared using methane as gas phase precursor and ruthenium doped film was prepared using the ruthenium

precursor at pressure of 0.025 tort and a bias of -70V.
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TABLE1:Thediffractiondatafromtheselectedareadiffractionpatternsobtainedfromun-dopedand
rutheniumdopedfilms.

JCPDSdata
CubicDiamond(a=3.57A)
dhkl I (%1 d(A)

111 100 2.06

200 1.79

220 25 1.26

311 16 1.07

400 8 0.89

331 16 0.82

Graphite-2H(a=2.47,c=6.721

dhld I (%1 d(A)

002 100 3.38

100 2 2.14

101 6 2.04

102 <1 1.81

004 4 1.68

103 1 1.55

110 3 1.23

112 3 1.16

Experimental observation

Un-doped Ru-doped Intensity

DLC d(A)

2.4

DLC d(A)

2.38

order

5th

2.07 2.06 1st

1.79 1.79 3rd

1.27 1.27 2nd

1.09 1.08 4th

0.82 0.80 6th
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Figure 5: The size distribution of diamond crystallites within ruthenium-doped and un-doped samples.

SUMMARY

A novel deposition scheme using metalorganic precursor decomposition is demonstrated for ruthenium doped

diamondlike carbon films. The results showed that the conductivity of the resulting films depended strongly upon the

operating pressure. The ruthenium incorporation in to amorphous carbon films increased the nanocrystallinity of

diamondlike carbon films by increasing the density and reducing the average size of diamond crystallites from 11 nm

to an average size of 3 nm. These results show a process dependence on the structure of the resulting metal-
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containingamorphouscarbonfilms,i.e.,thestructureofmetalcontainingamorphouscarbonfilmsdepositedusinga
completechemicalvapordepositiontechniquecouldbedifferentthanthosedepositedusinghybridtechniques
involvingbothPVDandCVD.
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ABSTRACT

Metal-containing carbon (Me-C:H) films are presently attracting wide interest due to their potential applications

in mechanical, tribological, electronics and optical fields. In this study, two sets of nickel-containing carbon (Ni-

C:H) films were deposited using an electron cyclotron resonance chemical vapor deposition (ECR-CVD) system in

conjunction with two biased screen grids. The Ni-C:H films were characterized using Raman scattering (RS) and

UV-Visible spectrophotometry. Their resistivity, optical bandgap and hardness were evaluated as a function of the

gas flow ratio (CHJAr). Rutherford back scattering (RBS) analysis showed that the atomic fraction of Ni

incorporated in the carbon film decreases drastically from 35% to 1.4%, following an increase in the CH4/Ar flow

ratio. The hardness also decreases and the film with a Ni atomic fraction of 12% has a hardness of around 16GPa.

The film resistivity was found to increase by 11 orders of magnitude following the decrease in the Ni atomic

fraction. Vacuum annealing at 200°C for 1 hour immediately after deposition results in an increase in resistivity.

The threshold field for field emission decreases with decreasing Ni fraction in the film and a value of around 4V/gm
can be obtained for the film with the lowest Ni atomic fraction of 1.4%. The results showed that our ECR-based

screen grid deposition technique for Me-C:H is highly effective and flexible, with good control over the amount of

metal incorporated.

Keywords: Diamond-like carbon, electron cyclotron resonance, resistivity, field emission

1 INTRODUCTION

Metal-containing carbon (Me-C:H) films are being widely studied and have been shown to exhibit small friction

values, good conductivity, low abrasive wear rates and enhanced adhesion to metal substrates compared to pure

DLC films (refs. 1 to 2). The metal in these films can be introduced either by post-growth implantation (ref.3), or by

incorporation during film growth using chemical vapor deposition (CVD) technique (refs.4 to 5) or a combination of

physical vapor deposition (PVD, sputtering of metals) and CVD (refs.6 to 7). The technique used in our study is

based on an electron cyclotron resonance chemical vapor deposition (ECR-CVD) system in conjunction with two

metal grids situated within the deposition chamber. The deposition process is a combination of PVD and CVD, and

can be considered as a plasma reactive sputtering in which the sputtered metal atoms by the energetic Ar + are

incorporated into the growing a-C:H films. Compare to other techniques (refs. 1 to 2), our deposition technique is

flexible since the grids, instead of one of the electrodes, are used as the source of the metal. This implies that it can

be easily extended for the deposition of other Me-C:H films. In addition, such a system allows an independent

control of the plasma ionization and the metal sputtering rates, through the microwave power and the grid bias

respectively. This is in contrast to the commonly used glow discharge sputtering technique where the two important

growth parameters are correlated through the rf power (refs. 1 to 2).

In our previous paper (ref.8), we have studied in detailed W- and Mo-C:H films deposited using the above

technique. In this article, results for Ni-C:H films deposited at different CHJAr ratios are presented. A set of

concurrently grown films subject to post-deposition annealing in vacuum was also studied to investigate their

thermal stability.
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2EXPERIMENT

Thedetailsofthesetupusedinthisstudycanbefoundelsewhere(ref.9).WhenagasmixtureofArandCH4is
introducedintotheexcitationchamberthroughthegasinlet,aplasmais formeddueto theexcitationbythe
microwavepowerandthedivergentmagneticfield.AnelectricfieldcreatedbytheDCbiasappliedatthescreen
gridshelpstodirecttheplasmaintothedepositionchamberthroughtheNi screengrids.Intheprocessofpassing
throughthescreengrids,sputteringofNi fromthegridsbyAr+takesplace.ThesputteredNi isthenincorporated
intothegrowingfilms,whicharedepositedonsubstratesof(100)-orientedsinglecrystalsiliconandcorningglass.
Forallthedepositionsinthisstudy,thetotalchamberpressurewasmaintainedat8mTorr,andamicrowavepower
ofa400Wwasapplied.ThetwoscreengridswereshortedtoaDCvoltageof-330V,andtherf powerappliedto
thesamplewasmaintainedat60W,resultinginincreasingDCbiasrangingfrom-100Vto-135VovertheCH4/Ar
ratioof0.4to1.25.Priortodeposition,thechamberwasevacuatedtobelow5x 10-_Torrusingaturbomolecular
pump.Nodeliberateheatingwasappliedtothesamplesduringthedepositionprocess,andthesampletemperature
wasestimatedtobe50to60°Cduringgrowth.Forsamplesthatunderwentannealing,theywereheatedto200°Cfor
anhourinavacuumenvironmentof5x 10-_Torrimmediatelyafterdeposition.

3 RESULTS AND DISCUSSIONS

Figure 1 shows the Ni/C fraction deduced from RBS for the Ni-C:H films at different CH4/Ar ratios. It is found

that the Ni/C fraction decreases with increasing CH4/Ar ratio, attributed to a decrease in the sputtering rate of the Ni

grids at lower Ar partial pressures. The samples at CHJAr = 0.75, 1 and 1.25 reveal a two-layer structure with

different fractions of Ni incorporated in each layer. For the two-layer structure samples, layer 1 refers to the top

layer whereas layer 2 refers to the layer next to the substrate. The average Ni, shown in the inset, and Ni/C fractions

for these samples were computed taking into account the thickness of the individual layers. At high CHJAr ratio,

the sputtering rate at the grids will be lower, and consequently the grids are increasingly coated by carbon. This in

turn will further reduce the sputtering rate, leading to the formation of the layered structure observed, with the top

layers (layer 1) having a smaller fraction of Ni incorporated. Simultaneously, there is an increase in the growth rate

for the films due to the reduced number of energetic Ni +, which can have an etching effect on the films. On the other

hand, at lower CHJAr ratios, the sputtering rates are higher and the grids are not likely to be coated. This will lead

to a uniform fraction of Ni across the depth of the films, and also lower growth rates.
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Fig.1. The Ni/C fractions of the samples deduced from RBS as a function of the CHa/Ar ratio. Two layers

fitting with different fractions are required for samples deposited with CHa/Ar = 0.75, 1.00, and 1.25. The

average Ni, shown in the inset, and Ni/C fractions for these samples were computed taking into account the

thickness of the individual layers.

Fig.2 shows the Raman spectra of the Ni-C:H films at different CH4/Ar ratios, measured using a SPEX1400

Raman system with the 514.5 nm line of an Ar + laser as the excitation source. Two characteristic peaks of a-C:H, the

G and D peaks, can be clearly seen in the Raman spectra. The intensity of the two peaks increases with the CHJAr

ratio, revealing the characteristics of glassy carbon (refs.10). The D peak around 1350 cm -1 is much more

pronounced compared with that of Mo-C:H films (ref. 11). This can be attributed to the difference in the impinging

ion energy during film growth, which ranges from -100V to -135V for the Ni-C:H films, compared to the lower bias

of-90V for the Mo-C:H films. A higher DC bias at substrates will result in more energetic ions impinging onto the
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substrates,whichamorphizesthefilmsandpromotesthegrowthof sp2bondedcarbon.Indeed,Mo-C:Hfilms
depositedathigherDCbiasabove-105ValsoexhibitedpronouncedDpeaks(ref.12).
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Fig.2. The Raman spectra of the Ni-C:H films deposited at different CH4/Ar ratios.

Hardness measurement, using nanoindentation technique by Nanoindenter II from Nano Instruments, Inc., was

performed for the films deposited on silicon substrates. The results shown in Fig. 3 are the average values measured

at six different locations. It is found that the film hardness decreases from -16 GPa to -8 GPa following an increase

in the CH4/Ar ratio. Compared to metal-free a-C:H films grown under the same process conditions with hardness of

around 10 GPa, the results clearly suggest that Ni incorporation increases the film hardness. In our previous study of

Mo-C:H films, a two-phase-model consisting of carbide precipitates and a-C:H matrix phases was employed to

explain the decrease in their hardness with the CH4/Ar ratio (ref.9). At lower CH4/Ar ratio, the Mo fraction, and

hence the carbide fraction was higher and predominantly accounted for the higher hardness. At increasing CHJAr

ratio with lower Mo fractions incorporated, the hardness was mainly determined by the a-C:H matrix and was

consequently lower. The increase in hardness for Me-C:H at larger carbide fractions was also observed by Klages et

al. (ref.1) in their W-, Ta- and Ti-C:H films. In contrast, Ni-C:H films prepared by incorporating Ni through

evaporation into the a-C:H grown on the rf-powered electrode in a plasma-CVD process from benzene or butane

was found to exhibit lower hardness, attributed to the inability of Ni to form hard carbidic precipitates (ref. 1). For

our Ni-C:H films, in the absence of XRD and XPS results to support the presence of Ni carbides, it is unclear at

present whether the decrease in hardness is related to the decrease in the carbide fraction.
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Fig.3. The film hardness as a function of the CH4/Ar ratio.

Fig.4 plots the resistivity against CHJAr ratio for both the as-deposited and the annealed Ni-C:H films on the

glass substrates. It is found that the resistivity for both sets of films increases sharply by eleven orders of magnitude

with increasing CHJAr ratio from 0.4 to 0.75, beyond which saturations occur. The sharp increase in resistivity with
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theCHdArratiowasalsoobservedinourW-andMo-C:Hfilms(ref.8),andwassimilarlyreportedforRu-,Ta-,
Co-andAu-C:Hfilmsatlowmetalfractions(refs.1,2,13).Thisindicatesthattheincorporatedmetal,evenatlow
atomicfractions,playsaveryimportantroleindeterminingthefilmresistivity.AtlowerCHdArratiotherewillbe
moreNiatomsbeingincorporatedinthefilms,leadingtothelowerresistivityobserved.It isnotedthatthefilmwith
CHdAr=0.4hasaresistivityaslowasabout10 -4 f2cm, comparable to that of metals, whereas the film at 0.75

exhibits insulating behavior with a resistivity of nearly 108 f2cm. After annealing, a slight increase in the film

resistivity was observed, which can be attributed to a denser structure in the annealed films. It is thought that

graphitization (especially in the presence of Ni (ref. 14)) and cross-linkage are two competitive processes which co-

exist in the films during annealing. A temperature of 200°C is not high enough to result in graphitization (ref. 14),

but can lead to a slight cross-linkage in their structures. This can be confirmed from our Raman results, where the

relative intensity of the D peak to the G peak (ID/IG), which is correlated to the sp2/sp 3 ratio, decreases for the

annealed Ni-C:H films (ref.11). The denser structure of the annealed films can also be caused by a structural

rearrangement. It is known that energetic bombardment of ions (mainly the Ni ions in our case) on the growing film

can result in large compressive stress (ref. 15). Upon one hour of annealing at 200°C there will be relaxation in the

films, leading to a relief of their compression stress. Thus the annealed films will be energetically more stable and

structurally denser. It is worth noting that our Ni-C:H films were annealed immediately after deposition, and

consequently post-oxidation will be much less compared to the as-deposited films. Therefore, the free radicals and

ions on or very near to the surface can cross-link to form a tighter carbon network structure. This may be also

responsible for the observed increase in their resistivity.
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Fig.4. The film resistivity as a function of the CH4/Ar ratio.

The optical absorption in the Ni-C:H films are obtained using samples deposited on glass substrates, through

their transmission and reflection spectra measured using a Perkin-Elmer Lambda 16 dual beam spectrophotometer.

• _/_ --i-- No annealing
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Fig.5. The Tauc gap (Eg) as a function of the CH4/Ar ratio.

Fig.5 shows the Tauc gap (Eg) for both the as-deposited and the annealed films as a function of the CHdAr ratio.

Except for CHdAr -- 1.0 where the Eg exhibits a sharp drop, Eg is found to increase following an increase in the
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CHJArratio,consistentwiththeresultsobtainedforW- andMo-C:Hfilms(ref.8).Thissuggeststhatoptical
absorptionincreaseswiththeNi fraction.ThesharpdropinEgatCHJAr--1.0isthoughttoresultfromabigerror
in thethickness.A slightincreaseinEguponannealingsuggestsa slightdecreasein thesp2/sp3fraction,and
supportstheabsenceofgraphitization,butaslightcross-linkage,thusadenserstructurefortheannealedfilms,
consistentwiththeresistivityresults.

ThefieldemissionbehavioroftheNi-C:Hfilmswasalsoinvestigatedinourstudy.It isfoundthatthethreshold
fieldforemissiondecreaseswithdecreasingNiincorporationinthefilm.Fig.6showsthefieldemissionbehaviorof
theNi-C:HfilmsatthelowestNi atomicfractionof 1.4%.A thresholdfieldof around4V/btmatanemission
currentof1nAcanbeseenfromFig.6(a).Thelineardependencebetweenln(I/E2)and1/E, as shown in Fig.6 (b),

indicates that the field emission in our Ni-C:H films exhibits the Fowler-Nordheim (FN) emission mechanism

(ref.16). It is noted that a threshold field of around 6 V/btm was also obtained for Ni-containing ta-C film with Ni

fraction of 1.91%, deposited using filtered cathodic vacuum arc technique. A further study on the field emission

behavior of the Me-C:H films is in progress.
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Fig.6. The field emission current-field characteristics (a) and Fowler-Nordheim plot (b) of the Ni-C:H films

with a Ni atomic fraction of 1.4 %.

4 CONCLUSIONS

Two sets of Ni-C:H films were deposited using a technique based on an electron cyclotron resonance chemical

vapor deposition (ECR-CVD) system in conjunction with two metal grids situated within the deposition chamber.

The films deposited at higher CHJAr ratios show a two-layer structure, and the average Ni atomic fractions in the

films decrease drastically from 35% to 1.4% following an increase in the CHJAr flow ratio. The hardness also

decreases with increasing CHJAr flow ratio, and the film with a Ni atomic fraction of 12% has a hardness of around

16GPa. The resistivity increases by 11 orders of magnitude following the decrease in the Ni atomic fraction. The

films annealed at 200°C exhibit a slight increase both in their resistivity and optical gap. The threshold field for field

emission decreases with decreasing Ni incorporation in the film and a value of around 4V/gm can be obtained for

the film with the lowest Ni atomic fraction of 1.4%.
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ABSTRACT

This paper describes characteristics of DLC and BCN films grown from diamond and diamond/c-BN powder

mixture targets. Firstly, DLC films were prepared on silicon and silica glass substrates by DC-magnetron sputtering

using a sintered diamond (polycrystalline diamond, PCD) target. The PCD target was sputtered by argon and

hydrogen gases. The hardness of the DLC film increased with increasing hydrogen flow rate, corresponding to a

maximum at 10 cm3/min, followed by a drop above 15 cm3/min. The hardness of the DLC film grown from the PCD

target was higher than that for a film grown from a graphite target, indicating that the target material has a significant

effect on the quality of DLC films in sputtering deposition. The effect was very clear in the optical properties; it was

found that the optical transmittance of the DLC film grown from the PCD target with an Ar ion laser beam

(wavelength = 488 nm, 514.5 nm) was about four-fold larger than that grown from a graphite target. These results

suggest that the DLC film grown from a PCD target has the potential to be applied to novel optical coatings.

Secondly, BCN films were prepared from diamond and c-BN powder mixture target. The diamond/c-BN ratio of the

target was from 1 to 4, and the substJcate temperature was varied from 323-773K. The carbon content in the BCN

film decreased with increasing the substrate temperature. The BCN film deposited at 773 K showed high wear

resistance as well as high thermal resistance at 773 K in the air.

Key words: DLC, BCN, target material, magnetron sputtering, optical transmittance, hardness, hydrogen

addition, thermal stability

INTRODUCTION

The outstanding mechanical properties of diamond-like carbon (DLC) film suggest numerous potential

applications, including very-low-wear coatings, low friction coatings and chemical-resistant coatings 1)-4). The DLC

films have been prepared by several techniques such as ion beam deposition, DC 5) and RF 6) plasma CVD, DC and

RF magnetron sputtering 7)-12), ion plating 4),13), ECR deposition 14) and laser ablation 15) . Mechanical properties of

the DLC films prepared by these deposition techniques are high enough for the films to be applied to industrial uses;

however, the optical properties of the films are not good enough enable their use for the optical coatings due to the

absorption of visible light by the sp 2 carbon bonds remaining in the DLC films. In the case of the deposition of DLC

films by DC/RF sputtering of a graphite target, it was clearly observed that sp 2 carbon clusters were sputtered from

the target surface and formed a %loud" between the target and an anode. These sp 2 carbon clusters may play a

significant role in forming sp 2 carbon bonds on the substrate. In the deposition of DLC films by DC and RF

sputtering methods, the addition of metal precursors 7)9)11)and gas precursors s)10)n) has been carried out to improve

the mechanical and the optical properties of DLC films; however, the effect of target material on the quality of DLC

films has not been discussed.

The purpose of this paper is to reveal the effects of the target material on the optical quality of the DLC films

using a sintered diamond (PCD) target instead of the graphite target generally used for the deposition of DLC films.

The mechanical and optical properties of DLC films prepared using PCD targets are discussed in comparison with

the DLC films prepared using a graphite target. Effects of hydrogen flow rate on the hardness of the films are also

discussed. Moreover, to extend the temperature range of DLC coatings application, deposition of BCN films are

discussed using diamond and c-BN power mixture target. The thermal stability and the mechanical property of the

film are discussed in comparison with the DLC film.

NASA/CP--2001-210948 479 August 6, 2001



EXPERIMENTAL

Figure 1 shows a schematic of a DC-magnetron sputtering apparatus used for the preparation of DLC films. The

apparatus consists of a magnetron cathode, a substrate holder and a vacuum chamber. The cooled-down magnetron

cathode can supply sufficient carbon species, which are sputtered from the target at relatively low pressure. By

applying RF (13.56 MHz) power, the substrate holder is negatively charged and a negative DC voltage can be

applied. The pressure during deposition was set to 0.4-0.67 Pa. As the energy of the ion at the time it reaches the

substrate seems to be an important factor that affects film quality, the substrate biasing voltage Vac by self-biasing
was varied from 0 to -150 V.

The sintered diamond (PCD) target was 60 mm in diameter and the thickness of the sintered diamond layer was

about 0.5 mm. Since the sintered diamond included cobalt as a binder, the target was dipped in an acid bath for 24 h

to remove cobalt from the sintered diamond layer. The Si (100) and SiO2 substrates were about 20x20 mm 2 . The

substzate was rinsed in acetone and mounted on the substrate holder with a Ag paste. After sample introduction, the

chamber was pumped to approximately 1.3x10 -3 Pa, the chamber was backfilled to 2.7 Pa with Ar, and the plasma

was initiated at the substrate holder to remove contaminated layer at the surface of the substrate. After the substrate

pretreatment, DC glow plasma was generated at the sputtering cathode to grow films on the substrate. Deposition

parameters are shown in Table 1. The standard condition of hydrogen flow was 2.5 cm3/min. The substrate

temperature was measured using a thermocouple and kept at 323-373 K.

In the case of BCN film deposition, the powder target consisting of diamond and c-BN was used instead of

PCD target. The diamond/c-BN ratio of the target was varied from 1 to 4. The diamond and c-BN power were

mixed and pressed to approximately 2 mm in thick. Each powder consists of the large size grains, 100-120 gm in

diameter, and small size grains, 4-6 gm. Deposition parameters of BCN films are shown in Table 2. The standard

condition of nitrogen flow was 10 cm3/min. The substrate temperature was measured using a thermocouple and kept

at 323 K, 373 K, 473 K, 573 K, 673 K, 773K.

The samples were analyzed ex-situ using SEM, X-ray microanalysis (EDAX), AFM and Raman spectroscopy.

The transmittance of the film for visible light was measured using an Ar laser (wavelength=488 nm, 514.5 nm ). The

hardness of the film was measured by a nano-indentor. The thermal stability of BCN film was evaluated in the range

from 293 to 973 K in the air.

_,_ts_;_[3__o,,v_,=l

13 56MHz ::>-

Fig.l Schematic illustration ofDC magnetron

sputtering apparatus.

Table 1 Deposition conditions of DLC film

Target material Sintered diamond,

Graphite

DC-sputtering voltage -600 V
current 0.125 A

RF biasing frequency 13.56 MHz

RF biasing voltage (Vac) 0 - -150 V
Ar flow rate 10 cm_/min

H: flow rate 0 - 20 cm_/min

Pressure 0.67 Pa

Deposition time 1 - 3 h

Substrate Si(100), SiO_

Table 2 Deposition conditions of BCN film

RF sputtering power 200 W

RF sputtering frequency 13.56 MHz

DC biasing voltage 0 - - 150V

N: flow rate 10 cm_/min

H: flow rate 0 - 30 cm_/min

Pressure 0.4 Pa

Deposition time 1 h

Substrate Si(100)

Substrate temperature 323 - 773 K
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RESULTS AND DISCUSSION

DLC films grown from PCD target

Figure 2 shows the effect of hydrogen flow rate on the hardness of DLC films grown from PCD target. The

pressure was 0.67 Pa, and Vac was -100V for each film deposition. The hardness increases with increasing hydrogen

flow rate, corresponding to a maximum at 10 cm3/min after which it drops above 15 cm3/min. The film deposited at

20 cm3/min looked like a polymer-like carbon film, and it shows a very low hardness value. This result indicates that

adequate hydrogen addition improves the hardness of the DLC film in sputtering deposition using a PCD target.

According to this result, all the experiments described blow were performed at hydrogen flow rate of 10 cm3/min.

Figure 3 shows the SEM and AFM images of

DLC films grown from a PCD target (a) and grown 20

from a graphite target (b). The both surfaces are

smooth and uniform and approximately 200 nm thick.

The surface roughness of the films grown from PCD _" 15

and graphite targets were 6.3nm Rz and 8.1 nm Rz,

respectively. These results indicate that the influence "-_

of the target material on the morphology of the DLC __ 10

film is very small. In addition, no peaks from Co were _

detected by EDAX analysis of these films. The :_

influence of Vac on the deposition rate of DLC film is 5t

shown in Fig.4 for both target materials. The rate was I
estimated from the thickness of the film measured by

AFM. It is remarkable that the deposition rate of the

film grown from a PCD target is higher than that from 0

a graphite target at each Vac under the same deposition

conditions. The PCD target was porous because the

cobalt binder was removed; hence the apparent surface

area of the PCD target was larger than the graphite

target. This difference of apparent surface area in both

SEM

images

, I , I , I ,
5 10 15

H2 flow rate (cm3/min)

Fig.2 Effect of H2 flow rate on hardness of
DLC film.

Indenting force : 15 mN

Target: Sintered diamond

si (100 

Steel
q.--

2O

AFM

images

(a) Sintered diamond target (b) Graphite target

Fig. 3 SEM and AFM images of DLC films grown from sintered diamond target

(a) and graphite target (b).
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Fig.4 Influence of Vdcon the deposition rate of
DLC film grown from sintered diamond
target and graphite target.

targets could explain die difference in the growth rate.
Figure 5 shows the effect of biasing voltage on the hardness of

the DLC films that were grown from both targets in the range from 0
V to -150 V at a pressure of 0.67 Pa. The measurements were
performed more than five times at each condition. The solid lines
indicate the mean value of the measured hardness. The hardness of

DLC films prepared from a PCD target is higher than the film grown
from a graphite target at each Vclc, and increases as the negative
biasing voltage increases in the range from 0 V to -100 V, whereas
the hardness decreases with the biasing voltage in the case of the
graphite target in the range from -70 V to -100 V. These results
indicate that the target material has a significant influence on the
hardness of the DLC film.

It is very interesting that the hardness of the film grown from a
PCD target is more than twofold higher than the film grown from a
graphite target at a biasing voltage of 0 V. The difference in the

clusters generated from both targets also explains the great difference
in hardness in both films at 0 V. In some application of DLC wear
resistant coatings, an ion bombardment introduces the defects and
eliminates an electrical and a magnetic properties from the substrate.
Hence this sputtering technique will be one of the candidate of
protective coatings to be applied to such a bias-sensitive materials.
These results indicate that the carbon clusters play an important role
in forming the DLC films in sputtering deposition.

Raman spectra of the DLC films grown at the substrate biasing
voltage of-70 V are shown in Fig. 6. Each spectrum is consisting of
a G peak and a D peak, indicating that these films are DLC films. The

25

20

15,I

10,1

I

-@" Diamond _rgetI

Graphite target [
p=0.67_Pa I
Ar lOd"_m in I

laz10crt/m in ]
1

.i"

0 , , I ....
0 -50

(v)Biasing voltage Vdc

Fig.5 Effect of substrate biasing voltage
Vdc on hardness of DLC film.

-lOO

i

' I ' I ' I ' I ' I

' I ' I ' I ' I ' I '

(b) Graphite target

1700 1600 1500 1400 1300 1200 1100

Raman shift (cm-1)

Fig.6 Effect of target material on Raman
spectra of DLC films.
Substrate biasing voltage Vdd -70 V

G/D ratio of the DLC films grown from PCD and graphite are 1.73 and 1.53, respectively. The G/D ratio of the DLC
film grown from both targets at Vac=-100 V were 1.64 and 1.62, indicating that the difference of G/D ratio of both

films is small, whereas the mechanical property is significantly different in both films as shown in Fig.5. This result
indicates that the G/D ratio does not always represent the mechanical properties of the DLC film.

Figure 7 shows the transmittance of the DLC films deposited on quartz glass substrates (Coaning 7059) at Vac =-
100V and a hydrogen flow rate of 10 cm3/min. The thickness of the substrate is 1.0 mm. An Ar laser (main

wavelength = 488 nm and 514.5 nm ) was used in measuring the transmittance of the film. It is clear that the
transmittance of the DLC film prepared from the PCD target was about four-fold higher than that prepared from the
graphite target in spite of the large film thickness. It was also found that the transmittance of the DLC film at a

NASA/CP--2001-210948 482 August 6, 2001



hydrogen flow rate of 2.5 cm3/min was about two-fold lower

fiaan the film grown at 10 cm3/min. This result and the

hardness of the film (see Fig.2) indicate that optimal

hydrogen is essential to fabricate high quality DLC films in

normal magnetron sputtering deposition, which mainly deals

with relatively low energy ion species and carbon clusters.

These results led to the conclusion that high-quality DLC

films can be prepared at relatively low biasing voltages using

a PCD target instead of a graphite target in DC-magnetron

sputtering deposition. It will be suggested fiaat the DLC fills

grown from PCD targets have the potential to be applied to

novel optical coatings.

Preparation of BCN films
BCN films were prepared from a diamond and c-BN

powder mixture target The diamond/c-BN ratio of the target

was from 1 to 4 Firstly, the influence of the substrate

temperature on the stability of the film was checked The

diamond/c-BN ratio was 10 and a hydrogen flow rate was
constant at 10cm3/min It was found that the BCN films

• .... • • ..... • • ..... • ......... • • • • .................../ • .............../...

i i iii i: i:ili!:!iii!:ii :ii i::i !ii::li ! ili!: ili

(a) DLC grown from sintered diamond target
Thickness of DLC film : 210 nm

Transmittance:21.2 %

(b) DLC grown from graphite target
Thikness of DLC film : 150 nm

Transmittance : 4.8 %

Fig.7 Overview of DLC films on SiO2 substrate.

prepared at 323 K, 373 K, 473 K, 573 K, 673 K were not stable in the atmosphere; they peeled off from fiae substxate

in two days. The Elastic Recoil Detection Analysis (ERDA) revealed that the BCN fill deposited at the substrate

temperature of 573 K consists of B(0.057), C(0.228), N(0.171), O(0.114) and H(0.43). Since the content of

hydrogen in the film is as high as 43%, it is possible that the large amount of hydrogen as well as oxygen makes the

film unstable in fiae humid atmosphere. This phenomenon seems to be interesting in terms of hydrogen occlusion

application of the BCN film. In addition, the carbon content in the BCN film decreased with increasing the substrate

temperature.

The BCN film prepared at 773 K was stable in the air for more than 6 months, so the effect of the flow rate of

hydrogen on the hardness of BCN fill was investigated at 773 K. The substrate biasing voltage was kept constant at

-50 V. The results are summarized in Fig. 8. The hardness increases with increasing hydrogen flow rate,

corresponding to a maximum at 20 cm3/min after which it drops above 30 cm3/min. The tendency in this series of

experiments is similar to the tendency in DLC film as shown in Fig. 2. It is possible that the atomic hydrogen plays

an important role to terminate fiae dangling bonds in fiae BCN film as it is well known in DLC film deposition.

The thermal stability of BCN film was evaluated by a series of annealing experiments. Each BCN film was

heated up to 573 K, 673 K, 773 K and 973 K in the furnace at the atmospheric pressure, then kept at each set

temperature for 1 h, then the hardness was measured by

nano-indentor after the sample was cooled down. Figure 9 20 i

shows the effects of the annealing temperature on the

dynamic hardness of BCN film. The hardness is almost

constant in the range from 293 K to 773 K. Figure 10

represents the mass change of BCN films and DLC films

after the annealing test at 773 K. The mass of the BCN films

increase after the annealing, whereas the DLC films are

disappeared. The increase of mass observed in BCN film

will be explained by the oxidation of BCN films. It is

possible that the existence of hydrogen may have an effect

on the oxidation, because the mass increase is obvious in the

BCN film deposited at high hydrogen flow rate. It is widely

accepted that DLC films are stable to about 650 K, thermal

evolution of hydrogen from the films originate the

graphitization between 573 and 723 K 16)-17)

These results clearly indicate that the BCN film has

high thermal stability as comparison with the hydrogenated

DLC fill

i

I
a

I
0

i i

:= - si

1[.... ....v-
• I N2flow rate-- 10 cmO/min I : _,

/ Biasingvoltage =-50 V 1 : 1
/ Substrate temprature= 773 K I :
1

' a , i ,

I . I
0 10 20 30

3
H2 flow rate (cm/min)

Fig.8 Relation between hardness of BCN

film and hydrogen flow rate.

DLC
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Fig.9 Variation of hardness of BCN film with

annealing temperature.
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Fig.10 Mass change of BCN and DLC films by

annealing at 773 K in atmospheric pressure.

CONCLUDING REMARKS

Deposition of DLC films and BCN films by DC-magnetron sputtering using a sintered diamond target and a

diamond/c-BN mixture target were carried out. The hardness of the DLC film grown from PCD target was higher

than that for a film grown from a graphite target, indicating that the target material has a significant effect on the

quality of DLC films in sputtering deposition. The optical transmittance of the DLC fill grown from a PCD target

was about four-fold greater than that of a film grown from a graphite target. These results indicate that high-quality

DLC films can be prepared at relatively low biasing voltages using PCD targets instead of graphite targets in DC-

magnetron sputtering deposition. The BCN film, which is prepared at 773 K in N2 and H2, showed high thermal

stability at 773 K as comparison with the hydrogenated DLC film. The optimal hydrogen addition improves the

hardness of not only DLC film but also BCN film in sputtering deposition.
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ABSTRACT

Ion-beam-assisted deposition is an efficient technique to synthesize metastable hard materials, such as cubic

boron nitride and diamond-like carbon (DLC), under lower-temperature and low-pressure conditions. However,

it is difficult to apply this technique to surface modification of three-dimensional or complex shaped objects

because of the line-of-sight process of ion beams. A new surface modification technique called "'Plasma Based

Ion Implantation (PBII)", is currently being studied. The PBII is a surface modification technique that applies

negative high voltage pulses to the object immersed in a plasma, and ions in a plasma are able to irradiate in any

direction to the object. In this study, DLC films were synthesized by using PBII technique, and the influence of

the raw gases and the duty ratio of the pulse bias to the target for the property of the DLC films were

investigated.

Ct-I4 and C2Hz gases were used as raw materials. The duty ratio of the pulse bias was changed form 0% to

50%, and the pulse voltage was -2kV. DLC films prepared by applying the pulse bias with a low duty ratio of

1% using either CH4 or C:H_ gas had very fiat surface and showed good tribological property. The C-H

absorption band measured by FT-IR was not observed within the detection limit in the DLC films formed by

using Cl-h gas as raw material, .although that in the DLC films formed by using C2H2 gas was observed. On the

other hand, hydrogen content remained in the film formed by using CH4 gas was more than that remained in the

film formed by using C:H2 gas by the measurement of ERDA. It is assumed that hydrogen atoms remained in

the film formed by using CH4 gas were not bonded with carbon atoms and they existed in the interstitial site in

the film. The tribologieal property of the DLC films formed by using CI-I4 gas was better than that of the DLC

films formed by using C2t-I2 gas. It is considered that these differences of the properties of the DLC films

formed by using either CI-h or C2H2 gas as the raw material occurred by the difference of the ratio of the film

thickness deposited when no pulse bias had been applied and the amount of irradiated ions in a pulse bias.

Keywords : plasma based ion implantation, ECR plasma with a mirror field, DLC film, tribotogieal property
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ABSTRACT

Highly adhesive diamond-like carbon (DLC) films on Inconel 718 were formed by applying ion beam mixing

method to plasma enhanced CVD process. In this study, it was investigated that effects of ion beam mixing process

on adhesion of the DLC films deposited by CVD. Adhesion strength of the DLC films were evaluated by 25N loaded

ball-on-disk friction test. Results of the friction test indicate that the DLC films formed with ion beam mixing have

high adhesion than that formed without ion mixing. It was indicated that the implanted ions and carbon atoms of the

DLC films were penetrated to the substrate and the concentration of carbon atoms was close to 40 at% by analyses of

Auger electron spectroscopy (AES). X-ray photoelectron spectroscopy (XPS) spectra of the penetrating carbon

atoms indicated that the carbon atoms formed carbide with metal atoms near an interface of the film and substrate.

These results suggest that the carbide layer near the interface formed by ion beam mixing plays an important role of

forming highly adhesive DLC films.

Keywords: DLC, ion beam mixing, adhesion, tribology

INTRODUCTION

Diamond-like carbon (DLC) have useful properties for tribological uses such as high hardness, low friction

coefficient and high wear resistance. However, poor adhesion strength of DLC films to metal materials such as steel,

alloy steel, super alloy and so on prevents to use DLC films for wide tribological uses. There have been many

attempts to improve the adhesion of DLC films by various methods, such as intermediate layer forming, multilayer

forming, metal doping, graded composition film forming, ion beam mixing and other methods. The ion beam mixing

is the process that can improve adhesion of thin films (ref. 1). However, few studies about forming adhesive DLC

films using the ion beam mixing process have been reported (ref. 2). The almost studies about the ion beam mixing

have been carried out by the process combined ion implantation system with PVD system (ref. 2). From an industrial

point of view, however, CVD process is more useful than PVD process on a basis of deposition rate of DLC film. In

this study, the ion beam mixing method was applied to plasma enhanced CVD process in order to obtain highly
adhesive DLC films with metal substrates.

EXPERIMENTAL

Fig. 1 shows a schematic diagram of the apparatus used in this study, which consists of ECR (electron cyclotron

resonance) plasma enhanced CVD system combined with high energetic ion implantation system. This apparatus

enables to irradiate mass separated gaseous ions, which are accelerated by up to 100kV, to a substrate settled in CVD

chamber. Current densities of the ion beam were measured by Faraday cups being placed at the position of the

substrate. Furthermore detailed descriptions of the apparatus were described elsewhere (ref. 3).

DLC films were prepared by ECR plasma enhanced CVD using ethylene (C2H4) gas. Inconel 718, which is

Ni-based super alloy, was used as a substrate of DLC coating. The base pressure of the apparatus was lower than

2×10 -4 Pa and the gas pressure range of CVD was about 0.1 Pa. The specimens were prepared with followings

processes. Deposition of DLC film of 10 nm thickness on the substrate and implantation ions accelerated by 50kV to

the substrate was performed alternately three times, which is called "ion mixing process" below. After that, DLC film
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Fig. 1 Schematic diagramof the apparatus.

was deposited on the substrate by CVD. The total thickness of the DLC film reached about 0.7 gm. C + ions were

used and the total doses of ions were changed in the range of about 1015 ions/cm 2 to 1017 ions/cm 2.

Adhesion strength of the films was evaluated by ball-on-disk friction test. A 9.5mm-dia. SiC ball loaded with

25N was used in the friction test, and the maximum Hertz's contact pressure was estimated at about 1.6 GPa.

Chemical compositions and bonding states of specimens were analyzed by Auger electron spectroscopy (AES) and

X-ray photoelectron spectroscopy (XPS), respectively. Thicknesses of affected areas of the specimens by ion mixing

process were measured by transmission electron microscopy (TEM).

RESULTS AND DISCUSSION

3.1 Evaluations of adhesion of films by ball-on-disk friction test

Heavily loaded ball-on-disk friction tests were used as an evaluating method about the adhesion of the DLC

films. The friction tests were carried out until a measured friction coefficient increased sharply, which was caused by

exposing substrate surface because of wearing out or peeling off the DLC film. Thus, comparing the total revolutions

of friction enables to evaluate the adhesion of the films.

Fig. 2 shows typical data of friction coefficient of two kinds of DLC films. One is the DLC film which was

formed by CVD with C + ion beam mixing with ion doses of about 4x1016 ions/cm 2 (called "ion-mixed DLC" below).

0.5

._ 0.4

0.3
©

= 0.2

._ 0.1

i DLC (without ion mixing)

• __ __ -_- -.-. -_-_ _ -_ - -___-_ . .........

.... i .... | .... | .... i .... i .... | .... i .... i .... i, ,

0 5000 10000 15000 20000 25000 30000 35000 40000 45000

revolutions of friction

Fig. 2 Friction coefficients of the DLC films.
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TheotheristheDLCfilmthatwasformedwithouttheionbeammixing(called"non-mixedDLC"below).It is
showninFig.2thatthetotalrevolutionoffrictionoftheion-mixedDLCislargerthanthatofnon-mixedDLCfilm.
Thedifferenceoftheresultwasexplainedbyresultsofmicroscopeobservationsoftheslidingareasasfollowings:
thenon-mixedDLCfilmwaspeeledoffatearlierstageofthefrictiontest,althoughtheion-mixedDLCfilmendured
over40000revolutionsoffriction(ref.4).Thus,it isindicatedthattheion-mixedDLCfilmshavehighadhesion
thanthenon-mixedDLCfilm.

3.2Chemicalanalysesoffilms
Inordertoinvestigatetheatomicconcentrationandchemicalbondingstatesofcarbonatomsneartheinterface

betweenthefilmandthesubstrate,theDLCfilmsofabout30nmthicknessformedbyionmixingprocesswere
analyzedbyAESandXPS.Fig.3showsdepthprofilesofatomicconcentrationoftwokindsofspecimens,
non-mixedandion-mixed(about4x1016ions/cm2dose)DLCfilm.Inthenon-mixedDLCfilm,carbonwasfoundto
somedepthpenetratetothesubstratelessthan30at%asshowninFig.3(a).Ontheotherhand,intheion-mixed
DLC,theclearlyexistenceofmixedlayerthatcontainscloseto40at%concentrationofcarbonatomswasobserved
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Fig. 3 AES deth profiles of the DLC films formed (a) without ion mixing and

(b) with ion mixing with dose of about 4 × 1016 ions/cm 2.
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Fig. 4 Cls XPS spectra of the DLC films formed (a) without ion mixing

and (b) with ion mixing with dose of abaout 4 × 1016 ions/cm 2.
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Fig. 5 TEM photographs of the DLC films formed (a) without ion mixing

and (b) with ion mixing with dose of about 4 x 1016 ions/cm 2.

near the interface as shown in Fig. 3 (b). Fig. 4 shows the Cls XPS spectra of the same specimens shown in Fig. 3.

The spectra of each specimen were obtained from the DLC film and near the interface between film and substrate,

where carbon concentration was about 20-30 at%. It is obvious that the peak energy of the Cls spectrum of the

ion-mixed DLC film is different between the DLC film and near the interface, the value of that is 284.5 eV and 283

eV respectively. Generally, the energy of C 1 s spectrum of metal carbides shows in the ranges of about 381 eV to 383

eV. Thus, it is considered that there is a certain metal carbide layer near the interface of ion-mixed DLC film.

Fig.5 shows the TEM photographs near the interface of the DLC films. It is considered that the dark area near

the interface between the DLC film and the substrate shown in Fig. 5 is the carbon penetration area indicated by AES

analyses as shown in Fig. 3, since the brightness of the area is different from that of the substrate in the photographs.

It is obvious that the thickness of the carbon penetration area of the ion-mixed DLC film is about 80nm, although

that of non-mixed DLC films is less about 30nm. The amount of the carbon atoms penetrating to the substrate by ion

mixing process is estimated to be much higher than the value of 4x 1016 ion s/cm2 which is the amount of implanted
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Fig. 6 AES deth profiles of the DLC films formed by ion mixing with

various ion doses of about (a) 2 x 1015 ions/em 2 and (b) 8 × 1016 ions/cm 2.
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carbon ions to the substrate. Therefore, the most of the carbon atoms penetrating to the substrate were supplied from

the DLC film by the ion mixing process. The mechanism of the penetration is considered as recoil mixing, cascade

mixing, radiation enhanced mixing and other processes reported in the preceding works of the ion beam mixing (ref.

5).

3.3 Effect of ion doses on adhesion of films

Ion-mixed DLC films formed with various C + ion doses in the ranges of about 1015 ions/cm 2 to 1017 ions/cm 2.

The DLC films were evaluated its adhesion by the friction test and were investigated the atomic concentration by

AES. Fig. 6 shows the typical AES depth profiles of the specimens. In the friction tests, the film shown in Fig. 6 (a)

peeled off in the early stage of the friction, although the film shown in Fig. 6 (b) was indicated to have high adhesion.

The results of the friction tests of the DLC films formed with various ion doses showed that the carbon concentration

near the interface of the high adhesive films is close to 40 at%. Thus, it is considered that the large amount of carbon

such as close to 40 at% is needed to form highly adhesive DLC films by ion mixing process.

CONCLUSIONS

Highly adhesive DLC films were formed by CVD process combined with ion beam mixing process. The DLC

films formed with ion mixing were able to endure in the heavily loaded friction test until the films were completely

worn out, although the films formed without ion mixing were peeled off the substrates at earlier stage of the friction

test. These results of the chemical analyses indicated that ion mixing process formed metal carbide layer between the

film and the substrate. It is also indicated that the highly adhesive DLC films contained large amount of carbon such

as close to 40 at% near the interface. Thus, it is considered that the carbide layer with high concentration of carbon

plays an important role of forming highly adhesion DLC film.
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Diamondlike carbon (DLC) films were prepared onto silieon(Si) substrate by high-intensity

pulsed-ion-beam ablation of graphite targets. A 300 KeV, 250 A/cm2,100 ns beam, consisting

primarily of hydrogen and carbon ions, was focused onto a graphite target at fluence of 5-10

J/crn2. Amorphous carbon films were deposited at up to 10 nm per pulse, corresponding to an

instantaneous deposition rate greater than 1 mm/s. Raman spectra indicates that diamondlike

carbon is present in most of the films. Scanning electron microscopy revealed satisfactory film

equality. The characteristic Raman bands of these DLC films were investigated by X-ray

photoelectron spectroscopy (XPS) and X-ray excited Auger electron spectrcopy (XAES). The

analysis of the C l s peak is shown to be a very simple and direct method to evaluate the sp3

content in unhydrogenated DLC thin films.
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ABSTRACT

Deposition of diamond-like carbon (DLC) _lm and mass spectrometry measurements were carried out in a

closed-space CH4 rf(13.56 MHz) plasma (without both gas injection and vacuum pumping during the process).
At pressuresless than 0.6 Ton-, the thickness ofthe DLC film deposited was increased with an elapsed deposition
time, and reached a maximum value, but after this the film thickness was then turned to decrease because ofmaybe
ion-induced sputter etching. The maximum film thickness appeared at larger elapsed time forhigher deposition

pressure. The mass intensities ofhydrocarbonions indicated anomalous behaviors at earlydepositiontime, but
those of higher hydrocarbon ions were then clearly increased at where the film thickness was decreased. These
results suggested that when the the ratio of precursor CH3 radical density to total hydrocarbon ions density
(_cm/q_i_) in the CH4 plasma, became less than a omain critical value, the deposited rim was then re-etched

predominantly by the secondary higher hydrocarbon ions. At 1.0 Torr where a polymer-like soft carbon film was
deposited, such re-etching of deposited film was not observed.

Keywords: DLC film, Plasma CVD, Plasma diagnostics

INTRODUCTION

In general, it has been speculated that in a CH4 plasma one of main precursors is a CH3 radical, and reactions
of the CH3 radicals with hydrocarbon ions having relatively large kinetic energies on the growing flm smfa_

bring the DLC film formation (rely. 1 to 2). In our previous artides, it has also been speculated that higher
hydrocarbon ions generated by secondary reactions contribute more to the DLC film formation than do the primary
CH3 ÷ and CH4÷ions (re£3). Moreover, the deposition mechanisms for the DLC film have been discussed using
the results obtainedin raregas contained CH4 plasmas, wherethe densities of'both CH3 radical and hydrocarbon
ions were able to be changed by chemical reactions of rare gas excited atoms and ions with CH4 molecules (refs.

3 to 5). However, some questions on the contribution of ionic species during the DLC film deposition remain
even now. In this work, the ratio of CI-I3 radical density to total hydrocarbon ions density (_cm/_i®) in the CH4

plasma was able to be changed using a closed-space CH4 plasma, which depended on an elapsed deposition time,
and it seemed to be decreased with the elapsed time. Using the results obtained in this work, a mechanism on
the DLC film deposition was discussed in view of the action of hydrocarbon ions.

EXPERIMENTAL

DLC flm deposition and mass spectrometry measurements w¢_ carried out in a conventional plasma

chamber made era stainless steel (SUS) cylinder with aparallel plate configntation, previously descrived in detail
elsewhere (re[ 6). The parallel electrodes consist of SUS disks 153 mm in diameter with a spacing of 60 ram.

A power supply is a 13.56 MHz ffoscillator, and the ffpower input was nurmally kept at 100 W. The deposition
chamber was evacuated to be less than 104 Tort, and then source CH4 gas was injected just prior to the fire
deposition. During the film deposition, all valves connected to a vacuum pump and a gas inlet were completely
dosed. A silicon wafer as a substrate was placed on a lower (ffpowered) electrode. The gas pressure in the

chamber was monitored with a capacitance manometer. The film deposition was carried out at gas pressure range
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of 0.07-1.0 Torr, for less than 15 min in order to avoid a eonsiderablecomtamination of the source gas due to a

leak in the closed-space deposition chamber. The leak pressure was measured to be about 0.3 mTorr/min at
these deposition pressures. For the mass spectrometry measuremems, aquadrupole mass filterwas aRchedto an

upper anode (grounded) electrode, and ions reaching the electrode were extracted through an ori_ce (200 mm in
diameter) formed at the cemet ofthe electrode.

RESULTS AND DISCUSSION

The tilm thicknesses of carbon Sims deposited at pressures of 0.07 - 1.0 Tort and rfpower of 100 W,
depending on an elapsed deposition time, are shown in Fig. 1. The negative film thickness in the figure means
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Figure 1. Film thickness of carbon film deposited at various

gas pressures, depending on an elapsed deposition time.
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Figure 2. Film thickness of carbon film deposited at 0.6 Ton',

depending on an elapsed deposition time.
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the etching of the film, which was measured using a substrate with the DLC film deposited on it in a CH4 plasma

at same pressure with a normal gas flow, prior to the deposition processin the closed-space plasma. Each film

thickness increases with an increasing elepsed time, andindicates a maximum value at early deposition time, but

it then decreased monotonically, except the case in 1.0 Ton. : the maximum film thickness appeared at larger

elapsed time for higher deposition pressure; about 2 min at 0.07 Torr and about 8 min at 0.6 Tort. Although

the film thickness in 0.6 Tort indicated a faint decrease afi¢_ about 8 min, it beganto decrease considerably from

earlier dapsed time than 8 min when rfpower input was increased more than 100 W, as shown in Fig2. In

general, the kinetic energies ofions bombarding the growing film surface are known to increase with an increasing

ffpower input. Atthese deposition pressuresless than 0.6 Tort, theDLC films wcredeposited. At 1.0 Ton-,

on the other hand, the film thickness always increased with an ino'casing deposition time up to 15 rain (it was

confirmed to increaseuntil 20 rain), where the films deposited werepolymer-like soft films. From these results,

it can be speculated that the deercasein the film thickness is coming fi'omthe re-etching ofthe deposited film by

the sputtering action of ionic species having relatively large kinetic energies.

In order to make sure of above speculation, mass spectrometry measurements were then carried out, and the

temporal behaviors on several kinds of hydrocarbon ions were mainly measured. The results at both 0.07 and

0.3 Ton" are shown in Figs. 3 and 4. A temporal variation in pressure inside the deposition chamb_" is also

indicated at upper part in the figure. Mass signals of predominant hydrocarbon ions indicate anomalous

behaviors in both pressures. At first, those decrease rapidly, and then increase and reach a maximum value.

After this, those decrease rapidly again, and then increase slightly (only C2H5 ÷ ion density increases considerably).

The maximum value forboth CH4 +and CH5 +ions appears at somewhat larger elapsed time as compared with other

CH3*, C2H5 ÷ and C3I-I5 ÷ ions at both pressures. It is well known that secondary C2H5 + and CI-I5÷ ions are
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Figure 3. Mass signals of several kinds of hydrocarbon ions

depending on an elapsed deposition time at 0.07 Tort.

A pressure change inside the deposition chamber is also given.
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A pressure change inside the deposition chamber is also given.

produced by reactions of principal CI-I3+ and CH4* ions with parent CH4 molecules, respectively.

Ct'I3 ++ CH4 ---> C2H.5+ + H2 (1)

CH4 ++ CH4 ---> CI'I5+ + CH3 (2)

The C3I-B÷ ion will be predominantly produced through the reaction as follows (refs. 7 to 8).

C2H5++ C2H4 --> C3H5+ + CH4 (3)

From above reactions, it can be understood that CI-I5+ion signal follows the behavior ofCH4 +ion, and both C 2H3+
and C3I-I5+ ions go together with CH3 + ion.

The pressure in the chamber greatly increases at early elapsed time, because of the decomposition of source
CH4 molecules and the formation ofother molecules such as H2. It then reaches the maximum at around 2 and

4 min for 0.07 and 0.3 Ton', respectively. After these elapsed time, the pressure indicates a faint decrease, and
the densities of hydrocarbon ions begin to increase, as mentioned above, at where the _lm thickness decreases.

Simultaneously, the ratio ofprecursor CH3 radic_ density (q)_) to total hydrocarbonions density (¢'i,) in the
plasma was also considered to be decreased. This is supported by the following speculation. That is, C2H5 +
ion density (and accordingly total hydroca_on ion density) increased considerably, whereas C3H5 +ion density

indicated almost constant value or a faint increase aRer 2 and 4 min at 0.07 and 0.3 Ton., respectively, as shown
in Figs. 3 and 4. The C3H5 _ ion can be mainly generated through a channel ofreaction (3), and C2H4 molecule
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will be predominantly generated by the electron impact dissociation of C2H6 molecule [9] which can be mainly
produced by CH3-CH3 recombination reaction (ref 10). If parent CH4 molecules are mainly consumed to
produce C2I-B÷ion through the reaction (1), CI-IJradical density (and accordingly C2H4 molecule density) will not

increase in the plasma. As the result, the density ofC3I-E +ion does not increase considerably as compared with
that ofC21-E + ion, and also .the film _rmation will be greatly suppressed. Considering above results and
speculations, it can be suggested that when the ratio _cm/_io_ decreasesless than a certain critical value, the film

deposited will be then re-etched by the sputtering with the hydrocarbon ions, especially predominant higher
hydrocarbon ions such as C2I-b+, In otherword, there is a competition between the film formation and the film
sputtering in the plasma, and the @cm/_io, value may determine which of these two processes will occur
predominantly.

Up to the present, several surface reaction models and mechanisms far the deposition of hydrogenated
amorphous carbon film havebeen reported (refs. 11 to 14), where the incorporation ofprecursors into the growing
flm was considered to be intannediated by a physisod_ed layer. In the CH4 plasma, the incorporation of

adsorbed CH3 radicals induced by primary CH3+and CH4÷ions, and the direct incorporation ofthe CH3÷and CH4 +
ions arcincluded in the retrace reaction models (refs. 12 to 13). Although the chemical re-etching ofthe growing
film with atomic hydrogen from the plasma was Also taken into account (ref 12), it will be very slow at room

temp_a_ure (ref 15). In our p_wious paper, the contribution of secondary higher hydrocarbon ions was
considered to be predominant in the ion-induced incorporation ofphysisorbed precursors (ref 3), and also the
simultaneous ion-induced re-etching was suggested in the DLC flm deposition (ref 14). In this work, the
possibility of re-etching the surface of the growing film by the hydrocarbon ions was dearly pointed out, and it

should additionally be taken into account in the surface reaction model.

SUMMARY

Deposition of diamond-like carbon (DLC) film and mass spectrometry measurements were carried out in a
closed-space CH4 rf (13.56 MHz) plasma, in order to make sure of DLC film deposition mechanism. At

pressures less than 0.6 Ton+, the DLC film thickness was increased with an elapsed deposition time, and reached
a maximum value. But, it then turned to decrease because of ion-induced sputter etching. The elapsed
deposition time at where the maximum film thickness appeared, increased from about 2 rain for 0.07 Torruntil
about 8 min far 0.6 Tort. The densities of predominant ionic species in the plasma were simultaneously

measured by means of mass spectrometry. The mass intensities of hydrocarbon ions indicated anomalous
behaviors at early deposition time, but those of higher hydrocarbon ions such as C2H_J÷ ion wexe then deady
increased, where the film thickness was decreased. These results suggested that when the q_cm/@io_ value
became less than a certain critical value during the film deposition process with increasing the elapsed time, the

deposited film was then re-etched probably by the predominant higher hydrocarbon ions. These phenomena
were obse_ved in gas pressures less than 0.6 Torr, where the DLC tlms were deposited. Atl.0Torrwherea
polymer-like soft carbon film was deposited, such a process change fi'om the film deposition into the re-etching of

the film was not observed. From the results obtained in this work, the contribution ofionic speciesin the CH4
plasma was speculated that the hydrocarbon ions having relatively large kinetic energies are possible to act as both

the deposition presursor and the etchant tbr the depositing DLC film, and when the relative hydrocafl_on ions
density in the plasma exceeds a certain critical value, those act mainly as the etchant. In normal CH4 plasma
(with a source gas flow in the deposition chamber), the DLC film f_rmation may always overcome the
simultaneous film etching, and accordingly the DLC film will be continued to deposit.
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ABSTRACT

A method for high rate deposition of amorphous diamond is described. An arc is operated in vacuum between a

graphite anode and an auxiliary cathode. Constriction of the size of the arc attachment to the anode is achieved by

the graphite material properties, cooling and also magnetic confnement. The present method has been used to

deposit films of hard carbon on substrates of glass, silicon and steel at a rate in excess of 1 gm per minute at more

then 40 cm from the arc. Raman spectra of the deposited materials show a single wide peak, consistent with

amorphous diamond. The high density of energy input from the arc to the anode tip in the arc-anode attachment

region together with the effects of ohmic heating in the anode by the arc current cause the carbon anode to evaporate,

resulting in a high pressure zone in the plasma region immediately surrounding the anode tip. The combined effects

of the high evaporation rate from the anode and the plasma thermodynamics produce a plasma jet from the region

surrounding the anode towards the outer regions of the arc chamber, at very high velocities. Numerical simulation of

the effects described above suggest that the plasma velocities can reach values of more than 30 km/s, corresponding

to energies for the plasma species of more than 50 eV.

Keywords: amorphous diamond, plasma, films, deposition, high rate.

INTRODUCTION

Amorphous carbon films (a-C) can be deposited using various processes, including filtered cathodic vacuum arc

process and the pulsed laser arc process. A comprehensive review of the various available technologies for

deposition of amorphous carbon films can be found in ref. 1. For the filtered cathodic vacuum arc process, materials

emitted from the cathode spots and ionized in the plasma are driven through a magnetic filter onto the substrate to

prevent macrodroplets emitted from the cathode spots from reaching the substrate. Cathodic vacuum arc systems

produce high quality films but their characteristic deposition rate is very low. For pulsed laser arcs, an arc of less of

duration less than 1 ms is operated at high frequency between a graphite cathode and an auxiliary anode. The arc is

triggered using a high power laser pulse. Heat from the laser pulse to the cathode surface results in the formation of a

localized carbon plasma region in front of the cathode surface, allowing the arc to start and then the discharge is

maintained for a period of less than one millisecond. For this technique, the substrate is usually placed along the line

of sight of the cathode spots, leading to higher deposition rate of up to more than 10 gm/hour at a distance target to

substrate of around 150 mm (ref. 1). However, the quality of the film is lower than for cathodic vacuum arcs.

We have developed a new process for deposition of amorphous carbon films, using an arc in vacuum between a

rod anode of graphite and a cathode disc also of graphite. Carbon vacuum arcs with a rod disc configuration have

been used for decades for production of various carbon structures (ref. 2). Recently, this configuration has been used

for production of fullerenes and nanotubes at moderate pressures below 1 arm using short arcs of less than a few mm
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(ref.3).Foranarcinvacuumbetweenarodanodeofgraphiteandadisccathodealsoofgraphite,thearcattachment
totheanodespreadsusuallyoveralargeareaoftheanodesurface,andmaterialsevaporatedfromtheanodehave
lowenergies,makingtheprocessinadequatefordepositionofsp3richfilms.It isusuallyacceptedthatdepositionof
a-Cfilmswithhighsp3contentrequirestheenergyofthedepositedspeciestobearound30eV(ref.5). Wehave
extendedthisrod-discconfigurationforproductionofhardcarbonfilmswithahighsp3contentofmorethan50%.
Thefollowingsectionsprovideadescriptionoftheexperimentalarrangementandpresentexamplesofdeposited
filmstogetherwithvariousanalyses.

Anode feed system

Anode

_i_ Vacuum

,_ _ Magnetic coil

kt

Cathode

Cathode shield

Figure 1: A schematic diagram of the arc and the electrodes

EXPERIMENTAL SET-UP

Figure 1 is a schematic representation of the arc and the electrodes arrangement. An arc is struck in a closed

vessel at a pressure less than 10 -4 torr between a water-cooled anode rod of graphite and a water-cooled cathode disk

also of graphite. The graphite anode rod is surrounded by a nozzle, preventing the arc from spreading over the

cylindrical top section of the rod. A mechanical system moves the anode rod downwards so as to compensate for

losses due to erosion from the tip. A cylindrical shield surrounds the cathode to prevent particles emitted from the

cathodic spots from reaching the substrate. The arc is started by moving the tip of the anode rod into contact with the

cathode, triggering an arc between the two electrodes. Subsequently, the arc length is maintained at 10-20 cm by

moving the anode rod downwards towards the cathode surface to compensate for losses at the anode tip due to

evaporation. As mentioned before, under normal operating conditions the arc would spread to cover a large area of

the anode surface, resulting in a low evaporation rate from the anode and also a low energy for the evaporated

species. For some graphite grades of relatively high electrical conductivity such as RW IV Ringsdorft, we find that

the size of the arc attachment to the anode rod is relatively small, allowing for deposition of hard carbon films having

a hardness of more than 15 GPa. However, operating under such conditions is somewhat unreliable as reproducibility

depends on various parameters, including the cathode materials and the initial triggering of the arc.
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Forthemethodpresentedhere,weincreaseboththeevaporationratefromtheanodeandtheenergyof the
evaporatedspeciesbyconstrictingthesizeofthearcattachmenttotheanode.Thishastheeffectsofincreasingthe
pressurein thecarbonplasmaintheregionimmediatelysurroundingtheanodetip,resultinginahighionization
degreeforthecarbonvaporfromtheanodeandalsoinahighvelocityjetdirectedtowardstheouterregionsofthe
arc.Toconstrictthearc-anodeattachmentregionweusevariousmeans,suchaslimitingthesizeofthesurfacearea
of theanoderodthatisexposedtothearc,andmoreadequatelybycontrollingtheplasmawithamagneticcoil
placedaroundtheanoderod.Themagneticfieldduetothecoilcausesthearctoconcentrateontheaxisofthecoil
thatcoincideswiththeaxisoftheanoderod.Fortheexamplesanddiscussionsintherestofthispaperweuseacoil
tocontrolthearc-anodeattachment,producingamagneticfieldof upto 100Gaussonitsaxis.Thesubstrateis
placedalongthelineofsightoftheanodetipasshowninFigure1.Foraconductingsubstrate,abiasvoltagemaybe
appliedtothesubstratesoastoaffecttheenergyofchargedspeciesfromthecarbonplasmadirectedtowardsthe
substratesurface.Wefoundthathardcarbonfilmsindicatinghighsp3contentcanbedepositedonsubstratesof
silicon,metalsandalsodielectricswithoutapplyinganybiasvoltage.
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Figure 2: A magnified view of a film surface; area 80_m x 100 gin.

Figure 2 shows a magnified view of a film deposited on a Si substrate, corresponding to a surface area of 80 gm

x 100 gm. The dimension of the particulate inclusions seen in Figure 2 is less than one micron. These particulates

may be due to sources such as macroparticles from the cathode and/or dust from the internal walls of the arc vessel.

Also, it may be that the macroparticles are due to disintegration of parts of the anode tip. However, this seems to be

unlikely as physical effects governing heat transfer and evaporation from the anode tip do not favor explosive

emission of particulates from its surface. Emission of particulates is well known to occur at the cathode spots due to

effects associated with current constriction at the exit of the cathode and cooling of the cathode surface due to

electronic emission. For the cathode, the resulting combined effects may lead to a maximum temperature in the

cathode bulk right below the surface, providing conditions favorable for ejection of particulates from the surface. For

the anode, the surface in the arc attachment region is heated by the plasma and therefore the temperature is expected

to be highest at the surface, with no particle emission.

On a microscopic scale, Atomic Force Microscope micrographs for the film in Figure 2 show that the

microscopic irregularities in the film surface are small at less than a few tens of nanometers. The corresponding film

hardness, measured using nano-indentation is more than 30 GPa.
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Figure 3: A comparison of Raman spectra of a deposited a-C film (otherwise referred to as diamond like

carbon DLC) and the graphite anode material.

Figure 3 compares Raman spectra for the a-C film in Figure 2 and for the graphite material of the anode rod. It

is seen that for the film, there is a broad peak centering around 1488 cm -1, typical for amorphous diamond (ref. 4).

As seen in Figure 3, graphite has two distinct peaks corresponding to the G and D bands. Furthermore, the sp3

content of the film has been determined using Electron Energy Loss measurements (EELS) for a film deposited on a

KCL crystal. The measurements indicate an sp3 content of around 50%. As the effects of the plasma sheath at the

interface between the non-conducting KC1 substrate and the plasma limit transfer of ions to the film, it would be

expected that films deposited on conducting substrates would have higher sp3 content.

THEORETICAL CONSIDERATIONS

As mentioned before, it is generally accepted that deposition of a-C films with high sp3 contents requires

energetic species with around 30 eV. For cathodic deposition processes, the energetic carbon species emanate from

the cathode and there has been an extensive discussion in the literature about the nature and mechanism of cathode

phenomena. References to the literature on these processes can be found in ref. 4 and also in the general literature on

vacuum arcs. For conventional anodic evaporation, it is commonly considered that it is somewhat similar to

conventional evaporation processes and as such the evaporated species would have low energies. As mentioned

before, for the process described here, films with 50% sp3 content have been deposited, suggesting that the carbon

species emanating from the anode tip may have energies equivalent to those in cathodic vacuum arcs.

The physical characteristics of the process described in this paper have been investigated through numerical

simulation of the arc and electrode configuration shown in Figure 1. A detailed description of the model as applied

to atmospheric pressure arcs is presented in ref.5. Here, we only outline the main features of the model and we

present brief details about features specific to the vacuum arc configuration used here. The aim of the present

calculations is only to predict the main characteristics and behavior of the carbon vapor emitted from the anode. The

model is based on the dynamic conservation equations of mass, energy, radial momentum, axial momentum and

current, and also the Maxwell equation and Ohm's law. The calculation domain is divided into an anode region, an

arc region and a cathode region. These regions are described relative to a cylindrical coordinate system assuming

symmetry around the arc axis. The plasma is assumed to be in local thermodynamic equilibrium and appropriate

boundary conditions are used at the edges of the calculation domain taken to be a zone around the arc and the

electrodes inside the arc chamber. Also, for the present calculations, we take the shape of the anode and also the

evaporation rate from experimental measurements as input parameters for the model. Other inputs required by the

code include the arc current, the electrode geometrical configuration and material properties of the electrodes as a
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functionoftemperature.Thematerialfunctionsofthecarbonplasmaatpressuresbetween104atmand1atm,at
temperaturesupto25000K arealsoprovidedasinputsforthecode.Theoutputofthemodelincludes2dimensional
distributionsoftemperature,velocities,pressureandelectricpotential.Forthepresentcalculations,wetakethebase
pressureinthechambertobe104arm.Theaimofthepresentcalculationsisonlytoinvestigatethebehaviorofthe
plasmaneartheanodetip,andalthoughthepressureusedfordepositionislessthanforthecalculation,theresults
wouldstillbevalidasthecalculationsarelimitedtoasmallregionaroundthearcandtheelectrodes.
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Figure 4:Temperature contours for a 175 A arc. The outermost contour is 3000 K and contour intervals are

2000 K.

It is evident that the assumption of equilibrium used in the plasma may not be valid at the low pressures that

exist in the outer region of the arc chamber, where mean free path for the plasma species may be comparable to the

physical dimensions of the chamber. However, the results are valid near the anode tip where we find that the pressure

can increase by several orders of magnitude to near atmospheric, making the plasma in the anode tip region similar

to thermal plasmas.

In Figure 4, we present calculated temperature contours in the arc and the electrodes for a current of 175 A. As

mentioned before the base pressure in the vessel is taken to be 104 arm. The maximum plasma temperature predicted

here is more than 20000 K in the plasma region near the anode surface, suggesting that the plasma in this region is

fully ionized. Also, for this region near the anode surface, the pressure increases to more than 0.5 arm, justifying the

use of the equilibrium assumption there as mentioned before. The presence of the high pressure zone near the anode

is due to the compounded effects of large evaporation from the anode tip, ohmic heating in the plasma by the arc

current and the effects of the magnetic pinch force due to the magnetic field generated by the arc current. Because of

the resulting very steep pressure gradients between the region near the anode tip and the outer regions of the arc, the

plasma velocities calculated in the region near the anode tip exceeds 50 km/s in the vertical direction and more than

30 km/s in the radial direction. As the outer region of the arc and the chamber are at a very low pressure, it would be

expected that the velocities of the plasma species would be maintained as they travel towards the internal walls of the

chamber. The velocities calculated above correspond to translational kinetic energies of more than 25 eV, which may

explain the high sp3 content mentioned above.
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If theplasmaeffectswereeliminated,wecalculatevelocitiesof around2 km/sfor thecarbonvapor,
correspondingtoenergyofaround0.25eV.Forthiscasewithouttheeffectsoftheplasma,thephysicalconditions
wouldbeequivalenttothoseforconventionalevaporationfromacarbonelectrodeatatemperatureofabout3500K.
Thismayalsobeequivalenttoevaporationfromtheelectrodewithawidearc-anodeattachmentregion.Thisenergy
of0.25eVisconsistentwithexperimentalobservationsshowingthatconventionalcarbonevaporationis inadequate
fordepositionofamorphouscarbonfilms.

Forthepresentcalculations,thecathodeisconsideredasanauxiliaryelectrodeandevaporationfromitssurface
isnottakenintoaccount.However,theresultsdiscussedabovefortheanodemaystillbeapplicableforthecathode.
Forthecathodeinavacuumarc,thearcisnaturallyconstrictedduetotherequirementsofdeliveringthearccurrent
fromitssurface.Theextremeconstrictionof thearcatthecathodespotsleadstoformationof localizedhigh
pressurezonesinfontofthecathodespotsduetothecombinedeffectsoftheplasmaandthehighevaporationrate
fromthespots.Wesuggestthattheresultingsteeppressuregradientsinthearccausetheformationofaplasmajetat
highvelocities,consistentwithexperimentalobservations.Thus,ionsareproducedthermallyinthehighpressure
zoneinfrontofthespotsandthenacceleratedduetopressuregradients,withnoneedforapotentialhumpinfrontof
thecathodesurfaceasusuallyadvancedtoexplaintheformationofmultiplychargedionsintheplasma(ref.4).

SUMMARY

A new process for deposition of amorphous carbon films is described. The process may be used for deposition

of films over very large area with a deposition rate exceeding 50 gm/hour. Raman analysis and EELS measurements

suggest that the films are of amorphous diamond with an sp3 content exceeding 40%. Modeling of the process

suggests that the energies of the species evaporated from the anode tip have energies in excess of 25 eV, enabling

successful deposition of high quality amorphous carbon films.
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Abstract

Amorphous diamond can be conveniently deposited by cathodic are. The arc contains
vaporized carbon ions that are driven toward the substrate by a negative bias. Amorphous diamond
is made of tightly packed carbon atoms jointed together by distorted graphitic (sp 2) bonds, or
diamond-like (sp 3) bonds. The sp3/sp 2 bond ratio is dependent on the kinetic energy of carbon ions.
This kinetic energy can be increased by the bias of substrate. However, with increasing of argon

gas pressure, the mean free path of carbon ions reduces, so is their kinetic energy. Hence it is
expected that sp3/sp 2 bond ratio to increase with the increasing bias, but it may decrease with
increasing rate of argon flow.

Amorphous diamond films were deposited onto cemented tungsten carbide (K10) substrates for 1
hour at two bias levels (-15 and -20 V) with two rates of argon (16 and 125 SCCM). The thickness
of these films was estimated by examining $EM micrographs of cross sections. The measured
values ranged from 0.65 to 1.25 microns. It was found that the thickness of amorphous diamond
tended to surge with the small increase of bias, possibly due to the increase of the flux speed of
carbon ions. However, when the rate of argon flow increased, the deposition rate also gained
slightly.

The hardness of amorphous diamond was determined by Vickers scale to range from 2484 to
3457 Kg/mm 2. It did not vary much with the small change of bias. However, with the increasing
rate of argon flow, the carbon ions lost some kinetics energy, hence the hardness reduced. The
adherence of amorphous diamond was tested by observing compressionaI spauling of films under
the load (150 Kg) of a Rockwell indenter. It would appear that the adherence was greatly

3 2
strengthened by increasing the rate of argon flow. This increase is likely due to the rise of sp/sp
bond ratio, and hence the reduction of compressional stress that is the driving force for delaminating
the amorphous diamond film from the substrate.
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ABSTRACT

An mass-separated ion beam deposition (MSIBD) system was developed with a high ion current density under

ultra-high vacuum conditions. In previous studies, carbon ion current was low, and the vacuum pressure during

deposition was insufficient. There seems to be an influence of residual hydrogen gas, and the damage to the film by

the high-speed neutral species produced by the charge exchanging with the residual gas molecules during the ion

transportation. Typical carbon ion beam density of this MSIBD system is 0.2 mA/cm 2 at the energy of 100eV under

a vacuum pressure of 6x10 -7 Pa. Carbon films were prepared and the structure and sp 3 bond fraction of films

were examined by transmission electron microscope(TEM) and electron energy loss spectroscopy(EELS). The

structure of all films are amorphous. The dependence of the sp 3 bond fraction on the carbon ion energy was

examined. The maximum sp 3 bond fraction of 84% is obtained at an ion energy between 75 and 100 eV.

Nanoindentation test of prepared films was performed and the hardness of the films with the highest sp 3 bond

fraction is 80 GPa.

Keywords: ta-C, DLC, sp 3 bond, MSIBD, Hardness

1. INTRODUCTION

Hard amorphous carbon films have recently attracted much attention. These materials have a disordered

network of sp 2 and sp 3 bonded carbon atoms, and the fraction of sp 3 bonding in the hardest film reaches 80%. (ref.

1) The physical and chemical properties of these materials are similar to those of diamond, therefore, they are called

diamondlike carbon (DLC) films. The characteristics of these films include extreme hardness, high electrical

resistivity, optical transparency and high thermal conductivity. Such properties are very attractive for a variety of

applications. These diamondlike carbon films are obtained by cathodic arc, (ref. 2) ion beam sputtering, (ref. 3)

direct carbon ion beam deposition (refs. 1, 4 to 5) and pulsed laser deposition. (refs. 6 to 8) It is reported that the

energetic carbon species which attach to the substrate are effective due to subplantation. (refs. 9 to 10) The incident

ions are quenched in the subsurface or displaced into the subsurface layer, and cause the formation of sp 3 bonding.

The threshold ion energy of this effect is less than 100 eV. (refs. 10 to 11).

Mass-separated ion beam deposition (MSIBD) is the most suitable method for the examination of DLC

formation since it can provide a monoenergetic ion species. Some studies of carbon films by MSIBD have been

reported previously ; (refs. 4, 12 to 14) however, the carbon ion current has been low or the vacuum pressure during

deposition has not been good. With low vacuum pressure during deposition, there seems to be an influence from the

residual hydrogen gas and damage to the film of the high-speed neutral species produced by the charge exchange
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duringtheiontransportation.Ontheotherhand,residualhydrogengasadsorptionorthesitewithlessnucleation
underlowioncurrentdensityseemstohaveaninfluence.

Inthisstudy,anMSIBDsystemwithahighioncurrentdensityof0.20mA/cm2underanultra-highvacuum
of6x10-7Pawasdeveloped.Thecarbonfilmswerepreparedatvariousionenergies,andthesp3bondfractionof
thefilmswasexaminedby electronenergylossspectroscopy.Hardnessof filmswasalsodeterminedby
nanoindentationtest.

2.EXPERIMENTAL
CarbonfilmswerepreparedonSi(100)wafersbyanMSIBDof 12C+ions.TheMSIBDsystemisshown

schematicallyinFig.1. Oursystemconsistedof anionsource,amassseparationmagnet,a transporttubewith
somemagneticlenses,adeflectionmagnet,decelerationelectrodes,anda depositionchamberwitha sample
exchangetransporter.Theplasma-filamentionsource,whichisoperatedatahigherdischargecurrentwithalonger
lifespanthantheconventionalFreemanionsource,wasusedastheionsource.(ref.15)CO2wasusedasasource
gasofcarbonions,andArwasusedasafilamentplasmagas.Thecarbonionswereextractedfromtheionsource
atapproximately34kVandmass-separatedbyasector-typemass-analyzer.Thecarbonionbeamwasthenfocused
byatripletquadrupolemagneticlens.Thesteeringmagnetlensinfrontofthequadrupolelenswasusedtoposition
beamsinabeamtransporttube.Theionbeamwasbentbythedeflectormagnet,andthefastneutrals,whichwere
producedbyinelasticcollisionsofthefastpositivecarbonionswithresidualgasmolecules,weretrapped.After
defection,theionbeamwasdeceleratedbytripletelectrodesanddepositedonasubstrate.Allmagnetsandabeam
transporttubewerefloatedatanaccelerationvoltageof-34kV,andtheionsourcewasbiasedatapositivevoltage
withrespecttogroundlevel.Thefinalionenergywasdeterminedbythesourcevoltageplustheplasmapotentialof
theionsourcewithrespecttothegroundedsubstrate.Thetotalioncurrentatasubstratereached1.0mA,andthe
carbonionbeamdensitywas0.20mA/cm2attheenergyof100eV.Thesystemequippedthefivecryopumpswitha
pumpingspeedof 4000l/s,whichwassufficientto evacuatethehydrogengas. Thebasepressureof the
mass-separationtube,thebeamtransporttube,andthedepositionchamberwere3.0x10-4, 1.0xl0-6,and1.0xl0-8
Pa,respectively.
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Figure 1. Schematic diagram of the apparatus for mass-separated ion beam deposition.

A Si substrate, which was cleaned with a solution of HF and HNO 3, was introduced into the UHV deposition

chamber. The substrate was not heated during deposition. The base pressure of the deposition chamber was 1.0x

10-8pa. The vacuum pressure was 6x10 -7 Pa during deposition.

The micro-structural characterization in plane view specimens and EELS analyses were carried out by

transmission electron microscopy (TEM) (Leo, model EM 922), operated at 200 kV. The microscope was equipped

with an OMEGA-type energy filter. The specimens for TEM observations were prepared by conventional

mechanical grinding and dimpling and thinned by ion milling with Ar + at an energy of 5 kV. The incident angle of

ions was 4 ° to prevent damage to the specimen by ion irradiation.
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Hardnessofpreparedfilmswasdeterminedbyshallowdepthindentationtester(Nanoinstruments,model
NanoindenterXP).Thehardnessisdeterminedbythecontinuousstiffnessmeasurement(CMS)technique.(ref.16)
TheBerkovitchdiamondtip wascalibratedonfusedsilica. Thetribologicalexperimentwasperformedby
ball-on-disktypefrictiontester,whichwasconductedwitha1Nnormalloadindryairatroomtemperature.The
matingmaterialwasSiCballwiththediameterof6mmandslidingspeedwas20mm/sec.

3.RESULTSANDDISCUSSION
3.1.Structureandsp3bondfraction

CarbonfilmsweredepositedbyC+ionswithenergiesinarangeof30to 1000eV. Sisubstrateswerenot
heated.Theioncurrentdensitywasapproximately0.20mA/cm2,andthevacuumpressureduringdepositionwas
under9.0xl0-7Pa.The structureoffilmswasexaminedbyelectrondiffraction.Theelectrondiffractgraphsof
allfilmsshowahalopattern,thereforethestructureisamorphous.TheionenergydependenceofthecarbonK-edge
EELSspectraisshowninFig.2. There* peak at an energy of 284 eV can be clearly observed in the film prepared

at the ion energy of 1000 eV. The peak intensity of re* decreased as the ion energy decreased to 75 eV; it then

increased again to an ion energy of 30 eV. This dependence indicates that the sp 3 bond fraction is changed by ion

energy. The near-edge structure at the energy ranging from 320 to 340 eV is not observed for all films. The

structure of all films then is amorphous. This result agrees with the electron diffractgraph of films, which shows a

halo pattern.
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The fraction of sp 3 bonds was calculated from the EELS spectra using the method of Berger et al. (ref. 17)

Their method was based on a comparison of the integral under the re* peak normalized by the integrated counts over

a defined energy width in the carbon K-edge spectrum to that of standard materials consisting of 100% sp 2 bonds.
2

Although graphite consists of only sp bonds, the shape of the K-edge spectrum is sensitive to the orientation of the

incident electron beam with respect to the c-axis of graphite. (ref. 18) In this study, a highly oriented pyrolytic
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3graphite(HOPG)wasusedasthestandardmaterial,andtheincidentelectronbeamwasparalleltoitsc-axis.Thesp
bondfractiondependencewithionenergyisshowninFig.3.Thefractionofsp3bondsofthefilmpreparedatthe
ionenergyof 1000eVis41%andincreasesastheionenergyisdecreased.Themaximumvalueofthesp3bond

3fractionis84%attheionenergyintervalof75to 100eV;it thendecreasesatlowerenergy.Thefractionofsp
bondsdecreasesto70%attheionenergyof30eV.Toformthesp3bonds,theenergeticC+ionspeciesmustreach
thesubstrate.Thefilmwithansp3bondfractionofmorethan80%wasobtainedatanionenergybetween50and
125eV.

3.2.Mechanicalproperties
HardnessofcarbonfilmsdepositedbyC+ionswithenergiesinarangeof30to1000eVwasmeasuredwith

nanoindentationtester.TheionenergydependenceofthehardnessisshowninFig.4. Thehardnessofthefilm
preparedattheionenergyof1000eVis46GPa,andincreasesastheionenergyisdecreased.Themaximumvalue
ofthehardnessis80GPaattheionenergyintervalof 100eV,andthenit decreasesatlowerenergy.Thehardness
decreasesto35GPaattheionenergyof30eV. Thisisverysimilartothedependenceof thesp3bondfractionon
theionbeamenergy.Thefrictioncoefficientsof thepreparedcarbonfilmsweremeasuredbyball-ondisktype
frictiontester.Theobtainedfrictioncoefficientare0.10,0.08,and0.11forthecarbonfilmspreparedatanion
energyof 30,100,and500eV,respectively.Thecarbonfilmpreparedat 100eVshowsthemostmechanical
properties,suchashardnessof80Gpaandthefrictioncoefficientof0.08.

4.CONCLUSION
AnMSIBDsystemwithahighioncurrentdensityunderanultra-highvacuumconditionwasdevelol]ed.2Thetypicalcarbonbeamdensitywas0.2mA/cmatanenergyof 100eVunderavacuumpressurebelow10--Pa.

CarbonfilmswerepreparedbyMSIBD,andthefilmstructureandthesp3bondfractionwereexaminedbyTEMand
EELS.Thestructureofallfilmswasamorphous.Thesp3bondfractionofthecarbonfilm,whichwerepreparedat
theionenergiesrangingfrom30to 1000eV,wasexaminedbyEELS.Thefilmswithahighsp3bondfraction
greaterthan80%wereobtainedationenergiesbetween50and125eV. Themaximumsp3bondfractionof84%is
obtainedatanionenergybetween75and100eV.Thefilmhardnessshowsthemaximumvalueof80Gpa,andthe
frictioncoefficientis0.08,forthefilmpreparedatanionenergyof100eV.
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ABSTRACT

This work demonstrates the possibility and advisability of improving and optimizing the filtering properties of

plasma filters, their prediction for the systems under design through computer simulation of macroparticle motion in

the plasma duct with due account for multiple rebounds of particles from the walls. The results of computations per-

formed for some most known magnetic filter versions are presented. The data give evidence that the commonly ac-

cepted indispensable criterion - the absence of the direct lines-of-sight between the cathode and the substrate - is not

sufficient for providing the needed degree of macroparticle removal from the plasma. When using graphite as a cath-

ode. The proposed method of estimating the efficiency of macroparticle flow suppression in combination with the

computation of magnetic field distribution in the transport channel of the filter permits optimizing the filter by two

criteria: (i) maximum removal of macroparticles from the output plasma flow; (ii) minimum losses of ion component

of the plasma to be filtered. Curvilinear and rectilinear filters were studied and tentatively optimized using the

method of computation.

Keywords: diamond-like carbon films, vacuum arc, plasma filter, transport efficiency, macroparticles.

INTRODUCTION

The systematic studies into the synthesis of diamond-like carbon (DLC) by the vacuum-arc method were initi-

ated at the Kharkov Institute of Physics and Technology (KIPT) by Strel'nitskij and co-workers in the early seven-

ties. The first publications reporting the results of those studies (ref. 1 to 3) have appeared following the communica-

tion by Aisenberg and Shabot (ref. 4) and the registration of the patent by Golyanov and Demidov (ref. 5), who syn-

thesized the DLC films by deposition from flows of ions and neutral atoms, respectively. The very first experiments

have demonstrated a multifold advantage of the vacuum-arc method in the growth rate of the DLC condensate and its

adhesion to the metal substrate. However, the films produced had a great many rough defects due to graphite

macroparticles (MP) coming to the substrate from the arc-discharge cathode spot. The defect density was so high that

this cast some doubt upon the feasibility and utility of the new method in practice. Yet, before long, the way to over-

come the difficulties associated with MP's was found. The cardinal solution of the issue has become possible with

the advent of magnetic filters (or "separators"), i.e., devices for removing macroparticles of cathode material from

the cathodic-arc erosion plasma. The work at finding the means to suppress MP's in the vacuum-arc plasma were

started by Aksenov's team (KIPT) in 1974, and as early as in 1976 the application was registered for the invention of

a plasma filter with a curvilinear plasma guide bent as a quarter of torus, as well as with S- and _-shaped plasma

guides (ref. 6, 7). Having applied that filter in their investigations, the Strel'nitskij+Aksenov team obtained the re-

sults that removed the basic restriction on the use of vacuum-arc discharge to form high-quality DLC films (ref. 8). It

was just those results that gave impetus to the deployment of wide-scale studies in the field of vacuum-arc synthesis

of hydrogen-free DLC coatings in many countries of the world (ref. 9).

In general terms, the mechanism of magnetic filter cleaning of erosion plasma can be described as follows. Be-

tween the substrate and the active cathode surface emitting the plasma with MP's there is a certain barrier installed to

exclude the direct line-of-sight between the cathode and the substrate. A screen or the walls of the bent tube - plasma

duct - can serve as the barrier mentioned. In their motion in straight lines the MP's are confronted by this barrier and

fail to arrive at the substrate, while the ion component of the plasma flow, owing to the magnetic field of particular

configuration, goes around the barrier and reaches the substrate. The mechanism of ion transport in curvilinear mag-

netic-electric fields of plasma filters has been the subject of numerous investigations, the results of which are system-

ized in the surveys (ref. 9, 10). As is commonly conceived, the transport of the plasma ion component in curvilinear

filtering systems under electron magnetization conditions occurs along the magnetic field lines crossing the active

surface of the cathode. To ensure the advantageous passage of plasma through the filter, these lines should nowhere

cross the plasma duct surface. The efficiency of transportation is determined by the plasma losses as the flow travels
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alongthetransportchannel.Theratioofthetotalionflowatthechannelexittothedischargecurrent(Ii/Id)iscom-
monlyassumedtobetheefficiencycriterionofplasmapassagethroughthefilter.Themacroparticles,havingavery
largemass(ascomparedtoions)andaweakcharge,practicallyshownoresponsetothefield.Whenenteringthe
curvilinearfilter,theseparticlesareinevitablyconfrontedbyitswalls.

Sincenotallmacroparticlesfullylosetheirkineticenergyevenatseveralsuccessivecollisionswiththewalls,a
noticeableamountofthemreachestheplasmaductexit,andhence,arrivesatthesubstrate.Then,theefficiencyof
cleaningtheplasmaisthehigher,thelongeristheplasmaguide,thenarrowerit isandthegreateristheangleofits
totalbend(ref.10).However,inthiscase,thelossesoftheuseful(ion)componentoftheflowtransportednecessar-
ily increase;theproductivityofthesystemdrops,whilethecomplexityofitsmanufactureanditscostincrease.The
attemptstoincreasetheefficiencyofsystemsandtosimplifytheirdesignbyminimizingthelengthoftheplasma
guideductandtheangleofitsbendatitsrelativelywidecrosssection(ref.11),orbyusingthesimplestmagnetic
systemintheformoftwoseriesrectilinearsolenoidsatanangleof45°(ref.12)havefailedtogivethedesiredresult:
essentialsimplificationsinthedesignofthesystemarenotfollowedbyanadequateincreasein itsefficiency.The
simplificationofthemagneticsystemin thecasesconsidereddeterioratesitstransportingproperties.Butthemost
seriousnegativeconsequenceofthose"simplifications"isthedegradationofthefilteringpropertiesofthesystem,
becausethementionedwaysof"simplification"evidentlyenterintocontradictionwiththerequirements,thefulfill-
mentofwhichisnecessaryforanefficientcleaningofplasma.

Itshouldbealsonotedthatallknowncurvilinearfiltersarecharacterizedbyaverynon-uniformdensitydistribu-
tioninthediameteroftheoutletplasmaflow.Theeffectivecross-sectionareaoftheflowforthemajorityofthese
filtersisonlyafewsquarecentimetersorseveraltenscm2,atbest.Inturn,thiscausesassociatedinconveniences
whenusingthedevicesinpractice.Thetreatmentofitemshavingthedimensionsthatexceedtheplasmaflowcross
section,thedepositionofcoatingswithuniformdistributionofproperties(e.g.,thickness)areimpossibletorealize
withoutextracomplicationofthesystemsbyintroducingscanningunits(ref.13).

Thispaperdescribestheresultsof comparisoninvestigationsof magneticplasmafiltersusedinvacuum-arc
processesofsynthesizinghydrogen-freeDLCfilms.

REMOVALOFMACROPARTICLESFROMTHEPLASMA

Theexistingmethodsofdeterminingthedegreeoffilteringthevacuum-arcplasmaarebasedoncalculatingthe
densityofdefectsproducedbytheMP'sinthecondensate(withandwithoutstickingtothesubstrate)(ref.9).The
qualityofplasmafiltrationcanbeestimatedcrudelybymeasuringthesurfaceroughness(Ra)ofthecondensatepro-
ducedonapolishedsubstrate.Asforthepredictionofthedegreeofplasmafiltrationtobeprovidedbythefilterun-
derdesign,herethedesignerhasperhapsonlyonecriterioninadditiontoitsintuition,namely,thesystembeingde-
velopedmustensure"theabsenceofanydirectline-of-sightbetweenthesubstrateandthecathode".Thisstrongly
complicatesthechallengeoffilteroptimization,particularlyinthosecaseswherethesystemdesignedisexpectedto
beusedforcleaningtheplasmaproducedbyvacuumarcwithagraphitecathodethatgenerateshardrecoilingMP's.

Theproblemis simplifiedbyresortingto computationof MPmotion.Thetaskwassolvedin thetwo-
dimensionalapproximationforaxisymmetricandplane-symmetricsystems.It wasassumedthattheMP'swerehard
andsphericalin shape,theinnersurfacesof theplasmaguideandtheinterceptingribsweresmooth,theparticle
bouncingbackfromthewallswaspartiallyelastic,thefunctionofangularMP'sflowdensitydistributionhasthe
formN(oO=const. Here c_ is the angle between the normal to the cathode active surface and the direction of MP

emission. The computation results are the graphic representation of trajectories of both single particles that have left

the cathode spot at angle c_ and the set of particles leaving the cathode for any sector of the two-dimensional half-

space over the cathode at a given interval Ac_. The digital data of the computation allow one to estimate the ratio of

the outlet MP flow Nex to the flow Nev,_generated by the cathode spot. The ratio

NJ N_n_ characterizes the degree of MP removal from the plasma.

To simplify the computations, it was assumed that all the particles that had left the cathode had the same velocity

Vo. The MP's emerging from graphite were put to have the maximum velocity of 300 rrdsec (ref. 13). As a result of

finite number of collisions n, V0 the reduces to Vn = lrrdsec. At this velocity, the particle either adheres to the plasma

guide walls or departs from the substrate under the action of gravitational force and/or electrostatic repulsion from

the negatively charged substrate. The motion of the particle was computed either before it crossed the plane of the

exit aperture (or substrate) or up to its nth collision with the plasma guide. In the last case, the particle is assumed to

be absorbed by the filter. The n value is given by the relationship k _ = VJV o, where k is the recovery coefficient. For

the case under consideration we have k _ 0.5 and therefore rt = frt(V,//_,, )/frtl¢ _- 9.
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Ofcourse,thecomputationswiththementionedassumptionsdonotprovidethequantitativeestimationofthe
trueNJNew_ value. Yet, since the errors introduced by these assumptions have a regular statistic character, the

method is rather useful for the comparison estimation of filtering properties of the systems with the plasma guiding

duct of different geometries. The results of computations performed for some most known magnetic filter versions

are presented in Table 1. The data give evidence that the fulfillment of the commonly accepted criterion, namely, the

absence of the direct line-of-sight between the cathode and the substrate, is not always sufficient to provide the re-

quired degree of MP's removal from the plasma. The rebound of solid particles (as in the graphite case) necessitates

the application of additional measures to have the particles absorbed (ref. 14).

Table 1. Filtering quality Nex/Nent and carrying capacity for magnetic plasma filters

Type of filter Knee(45 °) Tor.(45 °) Knee (90 °) Rectang.

(ref.) (ref. 12) (ref. 15) (ref. 14) (ref. 11)

1,7 25,0 0 17,0

Ii rid, % 3,0 2,5 3,8 2,5

Dome

(ref. 16)

1,7

2,5

HCA +tor. (60 °) Radial

(ref. 17) (ref. 18)

0

6,5 8,4

TRANSPORT MAGNETIC FIELDS AND THEIR CORRECTION

Another important characteristic of the system forming a clean erosion plasma (in addition to the degree of

cleaning) is the carrying-capacity of the filter, which is dependent on the level of losses of plasma in its travel along

the filtering channel. From general considerations one should expect that the efficiency of transport would be the

higher, the shorter is the path L from the injection site (active cathode surface) to the exit, and the wider is the plasma

guiding duct (the larger is the radius R in the cylindrical plasma duct case). Really, considering that the average dis-

placement of charged particle across the magnetic field for the time t is equal to Ax _ _ t_,, the condition for

the particle to pass through the plasma guide can be written as

R-r>_ DffD_t_ ,_t_ , (1)

where r is the radial coordinate of injection, lx is the time of particle drift from the cathode to the exit of the sys-

H

tem, D is the coefficient of diffusion across the magnetic field. If t_ = L ,/_,,, D± H 2a/T (ref. 19), then con-

dition (1) can be written as

R _>r+ HR-,/T- " " (2)

Here n is the plasma density, H is the magnetic intensity, T is the temperature, Vo is the particle velocity along

the field. Apart from the diffusion of particles across the magnetic field to the walls, one should also take into ac-

count their departure due to the flow shift in the curvilinear field in the direction of the centrifugal force along the

unit vector v_ (centrifugal drift) and in the direction [H, grad H] (gradient drift). One must also take into account the

losses due to the reflection of certain particles from contractions of the flux of transporting magnetic lines. These

contractions can arise at the sites, where the fields of individual plasma guiding duct parts are joined, e.g., between

the plasma generator output and the toroidal plasma guide input (ref. 20), between plasma guide coils.

So, the greater is the plasma guide radius with respect to the cathode radius rc (at rc -< r), the shorter is the path

between the input and output of the system, the higher is the magnetic field (up to a certain limit (ref. 7 to 20)), the

smaller is the angle of plasma guide bend, and the smaller are the variations in the thickness of a transporting bundle

of field lines, the more favorable are the conditions of plasma passage along the plasma guide duct. It is evident that

the mentioned requirements relating to the geometry parameters are in contradiction with the requirements, the ful-

fillment of which provides the best filtering quality of the system (see the preceding sections). In view of this, the

choice of the geometry parameters R, rb L and (p (total angle of plasma guide bend) is determined by the permissible

compromise between the "conflicting" requirements. As for the ion component losses, they can be minimized (for

the given geometry of the system under design that provides the required degree of filtration) only by selection of

optimum intensity and topography of the transporting magnetic field. The optimum level of absolute field induction
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values in the sources under design can be assessed from the data found in publications on the topic (ref. 7, 8, 20).

Computer simulation appears to be a rather convenient way of selecting the field topography. For this purpose we

used the application program SUPERFISH.

Fig. 1 exemplifies the influence of certain magnetic system elements of the plasma guide system on the behavior

of magnetic field lines. The field lines are shown for the simplest system consisting of two rectilinear solenoids that

form the field bent at 90 °. Between the solenoids, there arises a region with a strongly asymmetric

1

4

3

b

!
c

d e

\\

!6

Fig. 1 Influence of magnetic system elements to transporting field geometry. 1- cathode, 2 -stabilizing coil, 3 -

solenoids, 4 - correctional coil, 5 - substrate surface, 7 - deflecting coil.

widening of the transporting magnetic tube (shaded) (fig. la). This region is characterized by great plasma losses:

the particles drift across the attenuated magnetic field towards the "bulging" part of the region. The mentioned wid-

ening of the tube can essentially be compensated by incorporation of the correction coil between the solenoids (Fig.

lb). The influence of the output coil is illustrated by Fig. lc. Figs. 1 d, e show the shapes of the transporting mag-

netic tube in the vicinity of the substrate in the presence of deflection coils placed behind the substrate on either side

of the axis of the system. As the coils are energized by alternating current, the system permits swinging of the tube

(and hence, of the plasma flow) by the law which ensures the assigned distribution of the condensate in thickness
over the substrate surface.

COMPARISON CHARACTERISTICS OF PLASMA SOURCES WITH TOROIDAL (90 °) AND REC-
TILINEAR FILTERS

The first version of the filter with a plasma guide shaped as a quarter of torus (Fig. 2) remains most popular to

the present day in both the laboratory practice and commercial production. At the same time, the disadvantages men-

tioned above (complexity, a comparatively low productivity and, as indicated by many investigators, imperfect clean-

ing of plasma by these filters) retard a further advance of vacuum-arc synthesis of DLC films in production practice.

Therefore, the problems of perfection of the existing filters and the search for alternative solutions still remain

urgent.

NASA/CP--2001-210948 512 August 6, 2001



8 8

a b c

Fig2. Vacuum-arc plasma source with curvilinear filter: scheme (a); macroparticles trajectories in the plasma

duct with platelike ribs (b) and with the ribs of triangular cross section (c).

1- cathode; 2 - anode with focusing solenoid; 3 - stabilizing coil; 4 - plasma duct with transporting coils;

5 - output focusing coil; 6 - scanner; 7 - ribs; outlet plane.

As an alternative to a curvilinear plasma filter, the so-called "rectilinear" filter have been developed, (Fig. 3).

Here, the main design requirement, i.e., the absence of the direct line-of-sight between the plasma source cathode and

the substrate, is fulfilled through the installation of a screen on the axis of the rectilinear cylindrical plasma guide.

The transportation of the plasma ion-electron component is here effected along the axisymmetric magnetic field lines

that cross the active cathode surface and bend around the screen. The device is essentially simpler than the curvilin-

ear version of the filter; however, up to date, the issue of competitiveness of the rectilinear filter from the viewpoint

of productivity and degree of MP's removal from the plasma still remains unclear in relation to its "toroidal" proto-

type. The present study is an attempt to elucidate this issue by performing comparison tests of the two competing

systems. In order for the test data to represent objectively the basic potentialities of the systems under comparison,

the geometry of their plasma-guiding channels and the topography of transporting magnetic fields were pre-

optimized by the use of the above-described techniques. The two systems under study have previously been de-

scribed elsewhere (ref. 6, 21).

The calculations have shown that the traditional toroidal-filter geometry (Fig. 2a) with a set of platelike ribs on

the inner plasma guide surface does not provide a complete removal of MP from the plasma flow (Fig. 2b). It appears

much more efficient to suppress MP's through the replacement of platelike ribs by the ribs of triangular cross section

(Fig. 2c). With due account for previous experience (ref. 7, 8, 23), the optimum magnetic fields in the system were

chosen with respect to the maximum ion current at the plasma guide outlet.

The computed trajectories of MP's in the rectilineal filter (Fig. 3a) for the most efficient geometric version of in-

tercepting ribs are presented in Fig. 3b. Fig. 3c shows the optimum run of magnetic field lines in the rectilinear filter

(calculation).

b

4 5

8
/

j6

a 1/ "_ axis

C

Fig. 3. Vacuum-are plasma source with reetilineal filter:

scheme (a); maeropartieles trajectories (b); magnetic field lines (e).

1- cathode; 2 - anode; 3 - trigger; 4 - stabilizing coil; transporting coils;

6 - baffle; 7 - ribs; 8 - substrate.
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ThetestresultsarepresentedinTable2.HereV is the deposition rate of DLC coating, S is the coated spot area,

AV is the deviation of coating thickness from the average value, m is the defect (MP) density in the coating, d - di-

mensions of identified MP, h is the coating thickness, Ah is the thickness deviation. The DLC coatings were pro-

duced on polished copper specimens at an arc current of 120 A. The specimens were placed at a distance of 100 mm

from the exit end of the filter. The microhardness was measured with the Nanoindentor-2 at a load of 5 mN (-5G).

The computations of MP motion, even with the assumptions much overestimating the output quantity of particles

(]Vex) show that at certain geometrical parameters of the plasma guide the Nex value can be reduced to be negligibly

small (down to zero). However, our experiments as well the experience of other investigators do not confirm this

conclusion. This can be explained by the fact that in addition to multiple rebounds that in addition to multiple re-

bounds other mechanisms, not included in our calculations, play an appreciable role in the MP

Table 2. Test results.

Type of S, V, h, Ah, H,

filter cm 2 gm/h gm % GPa

Tor.(90 °) 250* 2 1.1 +5 40+2

Rectilinear 200 2.5 1.5 _+5 41_+2

*) circular scan of plasma flow

d, m, N,,,,/N,,nt,%(calc. )
cm 2

gm

1...2 5 105 0

1...3 1.6 10v 4.4

transport. Nevertheless, as it follows from the data presented here, the calculation of MP trajectories in the

plasma guide with due account for MP recoiling provides a true qualitative estimate of the degree of MP removal by

the filtering systems under comparison.

CONCLUSIONS

1. The possibility has been demonstrated for the perfection and optimization of filtering properties of the exist-

ing plasma filters, and also for prediction of these properties for the systems under design through computer simula-

tion of MP motion in the plasma guide with due account for multiple MP rebounds from the walls.

2. The proposed method of estimating the efficiency of macroparticle flow suppression in combination with

the computation of magnetic field distributions in the transport channel of filters permits optimization of the filter by

two criteria: (i) maximum cleaning of macroparticles from the output plasma flow; (ii) minimum losses of ion com-

ponent of the plasma to be filtered.

3. The quantitative difference between the obtained calculated and experimental data may indicate that, in ad-

dition to multiple partially elastic rebounds of MP from the walls, other mechanisms can play an essential role in the

MP transport along the filter. Yet, the calculation of MP trajectories with due account for MP recoiling provides a

true qualitative estimate of the degree of MP's removal by the filtering systems under comparison.
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Abstract

Amorphous diamond is diamond-like carbon (DLC) made of pure carbon. It can be conveniently

deposited by cathodic arc that delivers a flux of ionized carbon atoms. The carbon ions are driven by an

electrical field to impinge upon a substrate. At the site of impingement, carbon atoms my pile up to form

amorphous diamond with distorted tetrahedral bonding. The sp3/sp 2 ratio of amorphous diamond, and the

asperity of the deposited film are strongly dependent on the electrical current formed by the flux of the
carbon ions.

Amorphous diamond is an excellent electron emitter for FEA applications. The threshold emitting

voltage can be greatly reduced; or the emitting current significantly increased by reducing the activation

energy (work function) of vacuum, and/or by increasing the tip sharpness (field enhancement factor) of the

emitter. The activation energy can be reduced by optimizing the sp3/sp 2 ratio of amorphous diamond. On

the other hand, the tip sharpness can be increased by adjusting the asperity height of deposited film.

Amorphous diamond was deposited on silicon substrate of n-type (100) at a bias of 20 V. The current

was varied at 30, 50, 80, and 100 A. The sp3/sp 2 ratio was measured by ESCA; and asperity height, by

AFM. It was found that the sp3/sp 2 ratio peaked at a value of about 50% when the current was at 80 A.

However, the average asperity height (Ra) increased linearly with the increasing current from

approximately 0.5 nm of 30 A to about 1.1 nm of 100 A. The maximum asperity height is approximately
tenfold of Ra value.

This research confirmed that the two key factors for enhancing electron emission, sp3/sp 2 ratio and

asperity height, can be controlled by varying the current of cathodic arc, and hence an optimized

amorphous diamond film for field emission can be fabricated.

Introduction

Cathode ray tubes (CRTs) has been widely used due to their good image quality, manufacturability

and economy in displays. Unfortunately, conventional CRTs are big in size and high power consumption

for TV sets and desktop computer monitors. They are therefore unsuited for compact and portable

applications. Flat panel displays (FPD) offer significant packaging and power advantages over CRTs.

Field emission display (FED) has attracted much attention in recent years due to its excellent

properties, such as low operation voltage, high emission current, high image quality and wide viewing

angle. Carbon-based materials used as FED cold cathodes have attracted attention for emission displays and

vacuum electronic devices [ 1].

Amorphous diamond (DLC) films are very attractive for field emission application [2-4].

Fowler-Nordheim [5] correlated the field emission with the work function (O) and filed enhancement factor

(F).

1.54X10-6(g]Vg)2 [ "3'2v(,)1J = exp - 6.87x107

(I_ ;_]V_ ] (1)
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WhereO:theworkfunction(ineV),v(y):thecorrectionfactorsrelatedtotheelectricfield,13:thefield
enhancementfactor,Vg:thevoltageappliedtotheemitterelectrode.Onecancontrolamorphousdiamond
sp3/sp2ratioanditsasperityheighttoreduceworkfunctionandincreasefieldenhancementfactor[1,6-7].

Diamondandamorphousdiamondhavegoodmechanical,chemicalstabilityandnegativeelectron
affinity(NEA).If highsp3/sp2ratioandfieldenhancementfactorcanbeobtained,betterelectronemission
propertiesthanplanarfilmscouldbeachieved.

Theobjectiveofthisarticleis toinvestigatetheeffectsofthestructureandsurfacemorphologyof
amorphousdiamondontheemissionproperties.Samplesweredepositedbycathodicarcatdifferentarc
current.Thesp3/sp2ratiowasmeasuredbyESCAandasperityheightbyAFM.

Experimental

N-type silicon substrates, (100) oriented wafer with a resistivity of 0.02-0.008 f_-cm were used in

experiments. The wafer was cleaned by RCA clean process, then dried by N2 blowing. Amorphous

diamond films were grown at room temperature with cathodic arc. The substrates were cleaned by Ar ion

for 20 minutes and C ion implanted for 1 minute before deposition. The water-cooled substrate holder was

used to avoid overheat on substrate. The amorphous diamond was made of pure carbon target. A carbon

plasma stream emerging from a vacuum arc discharge passed through a magnetic coil before depositing

onto substrate. The magnetic coil filtered out neutral carbon atoms and macroparticles. The carbon ions

were driven by an electrical field to impinge upon the substrate. At the site of impingement, carbon atoms

piled up to form amorphous diamond with distorted tetrahedral bonding. The films were deposited at a bias

of 20 V. The currents used were 30, 50, 80, and 100 A separately. Films thickness was in the range of 100 -

150 nm.

The surface morphology of deposited films was studied using an Atomic Force Microscope (AFM).

The bonding type of amorphous diamond film was determined by Electron Spectroscopy for Chemical

Analysis (ESCA, XPS). A Mg Kc_ X-ray source that has energy of 1253.6 eV, accelerated voltage of 12 keV

and current of 17 mA was used For ESCA analysis. Samples were cleaned by Ar ion for 5 minutes before

ESCA analysis.

Results and Discussion

The bonding type ( sp 3 , sp 2 ) of amorphous diamond films was determined by ESCA in binding

energy region of 276 to 296 eV. Carbon 1S peak measured by ESCA could contain sp 3 and sp 2 bonding

carbon, and carbon oxide contamination in film surface. The 1S peak was fitted by Gaussian function. The

hot filament CVD diamond film was used as standard, and the sp 3, sp 2 , carbon oxide composites was at

284 + 0.2 eV, 285 + 0.2 eV, and 286 + 0.2 eV respectively.

Fig.1 shows the results of carbon IS peak fitting at various currents. It was found that the ratio of

sp3/sp 2 was about 50% at 80 A. Gaussian integral was used to calculate sp3/sp 2 ratio with calculation results

show in Fig. 2. The sp3/sp 2 ratio increased linearly with the increasing current from 30 A to 80 A. However

the ratio reduced when a high current of 100 A was reached. Cathodic arc contains ionized carbon atoms

that are mixed with clusters of molten carbon. The latter freeze to from micro particles of amorphous

carbon. The carbon atoms in these micro particles are primarily in sp 2 bonding. With the increase of arc

current, the temperature will rise, so is the amount of micro particles. It is postulated that the reduction sp 3

content when the current was increased to 100 A was due to overheating of the arc.

The ESCA results Fig.3 indicated the central position of Cls signals at different currents. Fig.1

and Fig.3 suggested that the amorphous diamond films had higher sp 3/sp 2 ratio when the central position of

Cls is closed to the sp 3 carbon bonding of 284 + 0.2 eV.
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The film surface morphology and asperity height was studied using AFM in a contact model. The

average asperity height (Ra) increased with increasing current. The maximum asperity height is

approximately tenfold of Ra value. Fig.4 shows AFM 3-D micrographs. Table 1 lists roughness analysis of

AFM. An optimum energy to achieve minimum asperity height and Ra could be obtained.

Results in Fig. 2 and table 1 suggested that the highest sp 3/sp 2 ratio (50%) and nano-scale tips

(maximum asperity height is about 12.612 nm) could be obtained at arc current of 80 A.
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Fig.4 AFM 3-D micrographs (scanning range 3 gm x 3 lain ) of amorphous diamond films deposited

using (a) current 3{1A, (b) current 50 A, (c) current 8{1A, (d) current 100 A.( X axis: 1 lain/div., Z
axis : 20 nm/div.)

Table 1. Roughness analysis of AFM.

Parameter Ra (nm) Rms (nm) Rmax. (nm)

Bias:20V, Arc current:30A 0.567 0.727 6.073
Bias:20V, Arc current:50A 0.448 0.577 4.751
Bias:20V, Arc current:80A 0.937 1.204 12.612

Bias:20V, Arc current: 100A 1.088 1.423 16.043

Conclusion

Amorphous diamond films contained highest sp 3/sp 2 ratio deposited using arc current was 80 A from
ESCA measurement. The minimum asperity height and Ra was obtained at arc current was 50 A from
AFM micrograph. We can achieve amorphous diamond film contained highest sp 3/sp 2 ratio and nano-scale
tips when arc current was 80 A. Thus, the sp3/sp 2 ratio and asperity height can be controlled by varying the
current of cathodic arc.

Amorphous diamond is an excellent electron emitter for FEA applications. This research indicate that
p3/sp2 ratio and asperity height, can be controlled by varying the current of cathodic arc, and hence an
optimized amorphous diamond film for field emission can be fabricated. Optimizing the sp3/sp2 ratio of
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amorphous diamond can reduce the activation energy. On the other hand, adjusting the asperity height of

deposited film can increase the tip sharpness.
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ABSTRACT

Carbon coatings of thickness down to 2 nanometers are needed to increase the storage density in magnetic hard
disks and reach the 100 Gbit/in 2 target. Methods to measure the properties of these ultrathin films, in particular of
hard films on softer substrates, still have to be developed. We show that the combination of Surface BrilIouin
Scattering and X-ray reflectivity measurements makes the elastic constants of such films measurable.

Tetrahedral amorphous carbon films were deposited on silicon by an S bend filtered cathodic vacuum arc,
achieving a continuous coverage on large areas free of macroparticles. Films were characterised for thicknesses
down to - 2 nm. X-ray reflectivity measurements provide film thickness and mass density. Densities above 3 g/cm 3
are found, indicating a significant sp 3 content. Evidence was also found of a density gradient, the density being
lower at both the internal and external surfaces. Surface Britlouin scattering measurements provide the dispersion
relations of surface acoustic waves at wavelengths of few hundred nanometers. Wave velocities can be computed, by
a continuum elastic model, as functions of the substrate properties, the wavevector and the film properties. The
measured dispersion relations are in agreement with those computed by a model which includes a single
homogeneous equivalent film, and allow the derivation of the film properties by the fit of the computed velocities to
the measured ones. Thickness and density being independently obtained by X-rays, the film elastic constants are
measured.

For a 8 nm thick film the Young's modulus E turns out to be around 480 GPa, with a shear modulus G lying in
the 140 - 260 GPa interval. For a 4.5 nm thick film E is around 320 GPa, with G lying in the 100 - 180 GPa interval;
these lower values' are probably due to the higher influence of the lower density close to the interfaces. Work is in
progress to obtain the elastic constants of films of thickness down to 2nm. These results show that carbon films can
be grown which have a thickness of few nanometers and still have the high density and the peculiar mechanical
properties of tetrahedral amorphous carbon. Such films are thus ideal candidates for the magnetic hard disk coating.
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Tetrahedral amorphous carbon (m-C) film has been attracted much attention due to their excellent
physical and chemical properties. For example, extremely high hardness of the film larger than 60Gpa and
outstanding tribological properties were frequently reported. Furthermore, advantages in the deposition
process such as smooth film surface and low deposition temperature, makes the film an important candidate
for high performance coating of PCB microdrills, precision dies, and high density data storage devices.
However, as in hydrogenated amorphous carbon films, the structure and properties of ta-C film is also
strongly dependent on the deposition condition. In order to understand the deposition mechanism and to
optimize the properties of ta-C fihns, analysis of atomic bond structure of the film would be a prerequisite.

In rite present work, atomic bond structure of ta-C film was analyzed by near edge x-ray absorption
fine structure (NEXAFS). Using energetic condensation of carbon ions from filtered vacuum arc plasma,
about 100nm thick ta-C films were deposited on Si (100) wafers. During the deposition, adc bias voltage
ranging from 0 to -500V was applied to obtain films with various atomic-bond structures. The residual
compressive stress of the film was obtained from the curvature of film/substrate composite using the
Stoney equation. Nanoindentation, low energy EELS, and RBS were employed to characterize the
mechanical properties and atomic-bond structures of the films. NEXAFS spectrum was obtained by using
Advanced Light Source (ALS) at Lawrence Berkeley National Lab.

In the present work, we focused on the changes in NEXAFS spectrum in various deposition condition
and post annealing processes. The relationship between peaks observed in the spectrum and the structural
change in the film was identified. Based on these results, the suggested models on the atomic bond
structure of ta-C film will be discussed.
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ABSTRACT

There are several ways of synthesizing carbon materials from organic compounds containing hydrocarbon

polymers. Nano-structural properties of carbon materials obtained from organic compounds might be

expected to be different from that of carbon ones from other ways such as a discharge and a chemical vapor

deposition (CVD), because carbon materials are usually produced from organic compounds at lower

temperatures. We have tried to synthesize carbon materials from some organic compounds with an

electrochemical reaction and a pyrolytic one. In the case of an electrochemical reaction, carbon specimens

were almost amorphous because the reaction temperature was room temperature. Electrochemical carbons

were heated at temperatures below 1000 °C to be crystallized. A pyrolytic reaction was also carried out at

temperatures below 1000 °C. Various shaped graphite structures in nanometer size were formed, depending

on chemical structures of original organic compounds and on conditions of carbonization. The formation

mechanism of nano-structures will be discussed.

Keywords: Carbonization, Pyrolysis, Electrochemical reaction, Organic Compounds,

Nano-graphite structure

Introduction

Organic compounds are often used as a precursor for carbonization(ref.1). There are several ways of

synthesizing elemental carbon from organic compounds containing organic polymers. Nano-structural
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propertiesofcarbonmaterialsobtainedfromorganicprecursorsmightbeexpectedtobedifferentfromthatof
carbononesfromotherwayssuchasadischarge(ref.2)andalaserabrasion,becausecarbonmaterialsare
usuallyproducedfromorganicprecursorsatlowertemperatures(ref.3).Physicalandchemicalpropertiesof
carbonmaterialsarebelievedtodependmainlyonsolidstructuresofthematerials.
Electrochemicalpreparationof elementalcarbonhasbeenstudiedconsiderablyin thelasttwodecades

mainlyinaviewpointofacademic(ref.4).Inmostcase,areactionofelectrochemicalcarbonizationiscarried
outatroomtemperature(refs.4,5).Ontheotherhand,pyroliticcarbonizationis well-knowninbothview
pointsofacademicandpractical(refsl,6).Mostorganiccompoundsarecarbonizedattemperatureshigher
than500°Cinaninertgasor invacuum.Therearefewstudiesonnano-structuralpropertiesof carbon
materialssynthesizedby meansof bothelectrochemicalreactionandpyroliticone.Wehavetriedto
synthesizeelementalcarbonfromfluorinatedaromaticcompoundsandlinearchain-likepolymersbymeans
ofanelectrochemicalreactionandapyroliticone.Structuralpropertiesof thesynthesizedcarbonmaterials
havebeenexamined.

Experimental

Precursors used in this work are fluorinated aromatic pitchs of naphthalene, methyl-naphthalene, anthracene,

and quinoline, and linear chain-like polymers, poly(tetrafluoroethylene)(PTFE) and polyacetylene(PA). The

fluorination of aromatic pitchs was performed by Osaka Gas Co., in Japan. A thin film of PA was polymerized

from acetylene gas using Ziegler-Natta catalysis. Fluorinated aromatic pitchs and PTFE were defluorinated

and carbonized by means of a reaction of electrochemical reduction at 25 °C in a solvent of

tetrahydrofuran(refs.7,8). The method of electrochemical reaction was described in a previous paper.

Carbonization of PA thin films was performed by a pyrolitic reaction at a temperature in the range of 500 °C

to 1000 °C in vacuum. Structures of the synthesized carbon materials were investigated using Raman

scattering spectroscopy, x-ray diffraction measurements, and scanning and transmission electron

microscopy(SEM and TEM, respectively). All of the specimens of synthesized carbon materials were very

small black particles or powders. In order to prepare specimens for observation of TEM, these carbon

materials were suspended in a solvent of ethanol.

Results and Discussion

Fig.1 illustrates Raman scattering spectra of carbon specimens defluorinated by means of the

electrochemical reduction. The precursors of the carbon specimens in Fig.1 are fluorinated anthracene,

quinoline and methyl naphthalene pitchs. All carbon materials have peaks of D-band(ca 1350cm -1) and

G-band(ca 1580cm -1) in the Raman spectra, while the peaks are very small in the case of quinoline pitch, as

seen in Fig. 1. In the case of a carbon specimen obtained from fluorinated naphthalene pitch, however, a very

small peak appears at 2100cm -1 together with both D- and G-bands in a Raman spectrum, as reported in a

previous paper(ref.8). This small peak was assigned to carbyne structure. From the results of x-ray

diffractions and TEM observation, these carbon specimens had little crystalline order. Probably, the reason

why these carbon materials are almost an amorphous state is that a temperature for the electrochemical

carbonization is too low to grow a graphite crystal.

Raman scattering spectrum of a carbon specimen annealed at 800 °C for 60min under an atmosphere of

nitrogen gas is shown in Fig.2. This Raman spectrum is very similar to that in Fig. 1. A crystalline graphite

was, however, recognized in this annealed carbon by x-ray diffraction patterns and TEM observation. Fig.3
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showsahighresolutionTEMshowingalatticeimagehavingadistanceof0.34nmassignedto(002)faceofa
graphitecrystal.Theseresultsrevealthatagraphitecrystalinnano-sizeisabletogrowfromamorphous
carbonwithannealingat800°C.
Wehavealreadyreportedthatamorphouscarbonobtainedbythesameelectrochemicalreductionasthatin

thisworkiscrystallizedin theformof aribbon-shapedgraphitecrystalinnano-sizebyatreatmentof an
electronbeamradiationat800°C.Therefore,theresultsmentionedabovesuggestthataheat-treatmentat
800°C(ref.9)isabletopromoteamorphouscarbontogrowanano-sizegraphitecrystal,butnotnano-ribbon
graphite.

AcarbonmaterialobtainedfromPTFEbytheelectrochemicalreductionwasalsoalmostamorphousstate.
It shouldbenotedthatRamanscatteringspectrumofthiscarbonshowsapeakatashiftwavelengthinthe
rangeof2000to2100cm-1whichisattributedtoatriplebondofcarbon/carbon,socalled,carbynestructure.
Theamorphouscarboncontainingcarbynestructurewasalsoableto graphitizewithanelectronbeam
radiationat800°C.

Ontheotherhand,variousshaped-graphitestructureswereobservedin carbonmaterialsobtainedby
pyrolisisofPAatatemperatureof500-1000°C.Anexampleofgraphitestructuresofpyroliticcarbonfrom
PAis exhibitedin Fig.4,showingasemi-sphere-likegraphitecrystal.Theorderof thegraphitecrystal,
however,isnotsomuchperfectbecausethe(002)faceisbent,asseeninFig.4.ThisresultrevealsthatPAis
abletographitizeinvariousformsatatemperaturebelow1000°C.

Anthracene

Methylnaphthalene

'| 579.8

1579.8

1586.4

2400 2200 2000 1800 1500 1400 1200 1000

RarnanShifl[cm-ll

Fig.1 Raman scattering spectra of carbons obtained by electrochemical defluorination of

fluorinated anthracene, methyl naphthalene, and quinoline pitchs as indicated in the figure.
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ABSTRACT

Polymeric materials are often used as a precursor for synthesized carbon materials. The pyrolytic reaction at

high temperatures is effective to carbonize polymeric materials. Polyacetylene (PA) is a linear hydrocarbon polymer

and has a simple conjugated molecular structure containing sp 2 hybridized orbital. The purpose of this study is to

carbonize PA with a pyrolytic reaction and to investigate structures of carbon material obtained by the reaction. PA

thin film was synthesized using Ziegler-Natta catalyst and then was washed in a solvent of toluene. Carbonization of

PA was carried out by a pyrolytic reaction at various temperatures below 1000°C for one hour under a vacuum of

100Pa. The dehydrogenation of PA was confirmed with an elemental analysis. Structural properties of the carbon

material obtained by the pyrolysis were investigated using both scanning and transmission electron microscopy

(SEM and TEM, respectively), Raman spectroscopy, and x-ray diffraction measurement. Two peaks appeared at

wavenumbers of 1350cm -1 and 1580cm -1 in a Raman spectrum of the carbon material. A selected area electron

diffraction showed a strong reflection having a distance of 0.34nm. TEM observation showed that the carbon

material has various shaped graphites in nanometer size and also an amorphous structure.

Formation of carbon structures obtained by the pyrolysis of PA will be discussed.

Keywords: carbonization, Polyacetylene, pyrolysis, nanosize graphite

INTRODUCTION

It is well known that carbonization with pyrolytic reactions of organic compounds containing organic polymers is

one of methods for synthesizing carbon materials. Many organic compounds have been tried to carbonize using

pyrolytic reactions at high temperatures under a certain atmosphere such as an inert gas (ref. 1).

Polymeric materials are often used as a precursor to be carbonized by means of pyrolytic reaction (ref. 1). In

particular, a graphite structure has been formed by pyrolysis of some aromatic polymers such as polyimide (ref.2,3)

and poly(p-phenylene vinylene) (ref.4). After graphitization of these polymers, highly oriented and well-crystallized

graphite have grown with a heat treatment at a temperature of above 2000°C in an inert gas (ref.3,4). There is,

however, few paper of carbonization from a hydrocarbon polymer having a linear carbon bond structure. Fortunately,

PA has the same sp: bond in the molecular structure as aromatic polymers. Therefore, it is able to expect that a

graphitic structure will be yielded by carbonization with pyrolysis of PA. Chuvyrov et al have performed

carbonization of PA at 627 K for 6 hours and then graphitization at above 1227 K. They have reported only an

electron diffraction pattern as a structural assignment of graphite (ref.5).

We have tried to carbonize a thin film of polyacetylene by a pyrolytic reaction at a lower temperature, and to

investigate the structure of the carbons obtained by that reaction.

EXPERIMENTAL

PA thin film was synthesized using Ziegler-Natta catalyst and then was washed in a solvent of toluene. Thickness

of the PA thin film was about 100g m. A tubular furnace containing a quartz glass tube of 50mm in diameter was

used for pyrolysis. The PA thin film left on a quartz glass boat was put in the quartz glass tube. The pyrolytic

reaction was performed at a temperature in the range of 500°C to 1000°C for 60min in a vacuum of 100Pa. A

heating rate was 8°C/min. The furnace was cooled slowly to room temperature after the pyrolysis. A small amount
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ofblackmaterialcanbefoundonthequartzboatafterthepyrolysis.Moreover,innerwallsofthequartzglasstube
inthefurnacebecameblack.ThisresultmeansthatalargeamountofcarbonizedPAwasdispersedinalldirections.
TheblackmaterialonthequartzglassboatisapartofpyrolyzedPA.Theweightandtheelementalanalysis(Perkin
Elmer2410II)ofthepyrolyzedPAontheboatwasexamined.Structuralpropertiesofcarbonmaterialsobtainedby
pyrolysisofthePAthinfilmwereinvestigatedusingaRamanscatteringspectroscope(JascoNRS-2100),x-ray
diffractionmeasurements(Rigaku),SEM(HitachiS-5000),andTEM(Jeol2000FXII).A lightsourceofRaman
scatteringwasawavelengthof514.5nmofanargon-ionlaser.

RESULTS AND DISCUSSION

Table. 1 and Figure. 1 show changes in the weight and the elemental composition of the pyrolyzed PA on the

quartz glass boat with pyrolysis temperature. A degree of dehydrogenation of PA thin film increases with increasing

pyrolysis temperature. In particular, the content of hydrogen is below lwt% at pyrolysis temperatures above 800 K.

However, an yield, which means a percentage in weight of the pyrolyzed PA on the quartz glass boat to an original

PA thin film, decreases with increasing pyrolysis temperature, as can be seen in Table 1 and Figure. 1. These results

reveal that carbonization of PA is almost finished at temperatures above 800 K and that the content of carbonized PA

which is dispersed during pyrolysis increases with increasing pyrolysis temperature. The weight loss of about 85wt%

after the pyrolysis may be due to the many kinds of the product boiled during heating and keeping at each

temperature.

Raman scattering spectra of the pyrolyzed PA on the quartz glass boat are shown in Figure.2. Two large peaks at

about ll50cm -1 and at about 1500cm -1 appear for the original PA thin film. This spectrum is almost the same as the

typical one of trans PA (ref.6). On the other hand, the pyrolyzed PA at different temperatures has two large peaks at

about 1350cm -1 and at about 1580cm -1, while the width of the peaks depends on the pyrolysis temperature. The peak

at 1350cm -1 can be assigned to the D-band originated from an amorphous carbon structure. Another peak at

1580cm -1can be assigned to the G-band originated from a graphite structure.

A lot of fibrous structures were observed for the original PA thin film by SEM. After the pyrolysis reaction,

however, these fibrous structures disappeared. From the results of TEM observations, various shaped graphite

structures in nanometer size such as a hollow sphere and a hollow ellipse were observed with an amorphous structure

for carbon specimens obtained by the pyrolysis of PA. Figure.3 and Figure.4 show TEM images of a carbon

specimen pyrolyzed at 1000 K with a selected area electron diffraction pattern (SAED)(Figure.4) which illustrates a

ring reflection having a spacing of 0.34nm. This spacing is attributed to that of the (002) face of a graphite crystal.
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Table 1.Changes in the weight and the elemental composition of the pyrolyzed PA on the quartz glass boat

with the temperature.

Temperature of

experiment [K]

Weight of the

original PA thin film

[g]

Weight of the

pyrolyzed PA left on

the quartz boat [g]

Yield [%]
Results of elemental analysis [wt%]

C H Others

500 0.1603 0.0343 21.4 80.55 3.21 16.24

600 0.1519 0.0284 19.7 88.38 2.45 9.17

800 0.1579 0.0272 17.2 93.19 0.66 6.15

1000 0.1550 0.0240 15.5 94.12 0.16 5.72

Calculated hydrogen content of PA is 7.6 _wt%.
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pyrolyzed temperature is included in the figure.
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Figure 3. TEM image of a h.Itow sphere graphite structure.
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Figure 4. TEM image of a holh)w ellipse graphite structure.
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ABSTRACT

In this work, we report on a flower-like carbon structure: florid carbon. Florid carbon structures were grown on

Si substrate that pretreated with Fe(N03)3 solution. These structures are grown by a RF-plasma assisted pulsed-laser

deposition (PLD) technique at 800 °C with pure oxygen as the working gas. The florid carbon has 2 to 10 branches

and appeared like a flower as viewed from electron and optical microscopes. All these branches are originated from

the center of the florid structure and spread outwards in a random direction. The overall structure is 40-60 gm in

diameter with each branches a few gm in width and 20 gm in length. The formation of these florid structures

required oxygen atmosphere, Fe203 particles and ion bombardment that induced by the substrate bias voltages.

According to Raman spectroscopy, the florid carbon structures are constructed from high-order graphitic

microstructure.

Keywords: Carbon, Fe203, RF-plasma, pulsed-laser deposition

INTRODUCTION

The carbon atoms allow sp, sp 2 and sp 3 hybridization and construct many materials like graphite, diamond,

diamond-like carbon films, and carbon nanotubes. It is interesting to prepare carbon materials by non-conventional

synthesis techniques like those involved transition metal catalysts. An outstanding example from such kind of

approach has been the carbon nanotubes (CNTs) (ref. 1). The CNTs, both single wall and multi-walled can be

prepared by arc discharge evaporation method. Catalysts like Fe, Co and Ni were shown to promote the productivity

of the single all CNTs (refs. 2 to 4). Further, synthesis of aligned multi-walled CNTs was recently established by

using various types of chemical vapor deposition techniques by using transition metal catalysts (refs. 5 to 7). In this

work, we report on a flower-like carbon structure: florid carbon.

Florid carbon structures were grown on treated Si substrates. The florid carbon has 2 to 10 branches and

appeared like a flower under the images of field emission scanning electron microscopy (FESEM). All these

branches are originated from the center of the florid structure and spread outwards in a random direction. All

branches are ended with a dome-like cap that appeared in a brighter image as compared to other parts of the florid

carbon. The overall structure is 40-60 gm in diameter with each branches a few gm in width and 20 gm in length.

The synthesis and structural properties of florid carbon are described in this paper. Results from FESEM, energy

dispersive X-ray (EDX), X-ray image and micro-Raman spectroscopy are discussed.

EXPERIMENTAL DETAILS

The formation of these florid structures required ion bombardment and substrate pretreatment by Fe203 particles.

The florid carbon was synthesized by means of RF-plasma assisted pulsed-laser deposition. Our deposition system

consist of a solid-state UV laser (5c0, fifth harmonic generation of Nd:YAG lasers at a wavelength of 213 nm) with

pulse duration of 3 ns (ref. 8). The RF plasma coupled to a Mo substrate holder induced negative self-bias voltage on

the substrate (Vb) and initiated ion bombardment on the growth surface. A laser intensity of 0.5 GWcm -2 was focused

on the rotating graphite target (99.99 at. %). Similar approach was used to prepare carbon nitride films with

predominantly sp3C-N bonds (ref. 9). The carbon plume generated from such ablation is the only carbon source for

the deposition on the treated Si substrates attached on a heater 4 cm away from the target.
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ThesubstrateusedfordepositionwascoatedbyFe(N03)3solutioninethanolanddriedinairatRTbeforebeing
mountedintothevacuumchamber.All thesesubstrateswerethentreatedunderthe02RF-plasmaandVbof- 400V
forabout15minutesat800°C.AllFe(N03)3particlesontheSiweredissociatedintoFe203atsubstratetemperatures
above-47°C.Aftertheplasmatreatment,laserablationwascarriedoutat800°Cfor2hoursunderVbof-300V.

RESULTS AND DISCUSSION

All deposited samples were examined by both optical and electron microscope. At low magnification view,

clusters of Fe203 can be observed within a size of < 10 gm. These particles are irregular in shapes. We were

surprised to observe some flower-like structures as we increased the magnification of microscopes. The flower-like

structures as view from FESEM are shown in Figure 1. As shown, the flower-like structure has about 10 branches

spread outwards from the center of the structure in a random direction. All branches are ended with a dome-like cap

that appeared in a brighter image. A magnified view at the tips of the branches is also shown together. These tips

appeared to be thicker as compared to the branches. These structures cannot be formed when Fe203 particles are

absent, or when no bias voltage is applied. Oxygen ambience is also necessary since formation of florid carbon was

failed when hydrogen or Ar were used as the working gas. Note that, under the synthesis condition of these structures,

no carbon films can be deposited on the untreated Si substrates due to the etching of oxygen plasma.

Figure 1. Typical appearance of the flower-like structures as viewed from FESEM (top). A magnified view at

the tips of the branches is shown at the bottom.
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ThecompositionofthesestructureswasanalyzedbyusingtheenergydispersiveX-ray(EDX).Becauseofthe
irregularstructureandthelowatomicmassofthecarbon,ordinaryEDXisdifficulttomakeconclusiveinformation
aboutthestructures.WethenusedtheX-rayKc_imagingtechnique(EDX-option)forourpurpose.Theresultsare
showninFigure2.Imagesasshown(fromlefttoright,toptobottom)areSEMimageofthe

 !   i iiiiiiiiiii  i!     !i ! !ii i iiiiiii ! i!i iiiiiiiii iiiiiiiiiiiiiiiiiiiii iii
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.:.:.:.:.:.:.x.:_,x.:.:.:.:.:.:.:.:.:.x.:.x.x.:.x.x.:.:.:.:.:.x.:.:.:.
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Figure 2. SEM image of florid carbon and X-ray images of florid carbon at selected elements: Fe, Si, and C as

indicated at the upper left corners of individual images.
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flower-likestructures,X-rayKc_imagesofthestructuresforseveralselectedelements(Fe,SiandC).TheX-ray
imageofCisalsoshownwithartificialtracingoftheoutlineofflower-likestructures.

Thepresentoftheselectedelementscanbeindicatedbythedottedsignalsofrespectiveimages.Accordingto
theX-rayimageofFe,it isdifficulttomakeanyconclusionaboutthedistributionofFe.ThedottedsignalfromFe
seemstoappearuniformlyeverywithintheexaminedarea.However,thedensityofthedotsislowandthusis
assumedastheimpurityonthesurface.AsfortheSi,becauseoftheuseofSisubstrate,high-densitySisignals
(dots)areindicatedaroundtheflower-likestructures.Thepatternoftheflower-likestructurescanberecognizedas
theemptyarea.Thismeans,thesignalfromtheSisubstratebelowtheflower-likestructuresisshadowedbythe
depositandthusappearedasthedot-lessarea.WethinkthatsimilarconditionishappenedforFebutisnotclearly
shownfromtheX-rayimageduetothelowcontrastbetweentheareawithflower-likestructuresandtheSisurface.
Thus,Fe203films/ particles are supposed to be embedded below the flower-like structures (see also discussion

about the Raman spectroscopy). Likewise, because of the thick deposition of carbon, signal from the C elements

appeared in the pattern of flower-like structures (see the trace at the last image as well). From these results, we
concluded that the flower-like structures are carbon materials: a florid carbon structure.

To supplement our result, micro-Raman spectroscopy is employed to examine the microstructure of the florid

carbon. As shown in Figure 3, a strong Raman scattering is detected at a Raman shift of 1600 cm -1. This peak is

recognized as the G band of graphite. Thus, the florid carbon is supposed to have a graphitic carbon microstructure.

Beside the G band, a shoulder is observed at a Raman shift of about 1360 cm -1. This shoulder is usually referred as

the D band of amorphous carbon. As judged from the high intensity ratio between the G and D bands (IG/ID), the

florid carbon is supposed to have high graphitic crystalline order. Note that no Raman signal can be detected from Si

surface that is not covered by Fe203 particles. This means, carbon deposits of the florid structures are stabilized on

the Fe203 without which, will be etched away by the oxygen plasma.
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Figure 3. Raman spectra detected from the florid carbon.

CONCLUSION

We have described on the synthesis of a flower-like carbon structure. The formation of these florid carbon

required Fe203 particles and ion bombardment that initiated by the RF-plasma induced negative dc substrate bias

voltages. No florid carbon can be prepared when no bias voltage is applied. Further, florid carbon cannot be form

when hydrogen or Ar gases were used for deposition. According to micro-Raman spectroscopy, the florid carbon is

supposed to be constructed from high order graphitic carbon.
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ABSTRACT

We have investigated tribological properties of carbon onions prepared by heat treatment of diamond clusters
or particles. A new type of preparation technique was proposed in order to obtain large amount of carbon onions in

short time. Ten milligrams of diamond clusters used as source material were heated with an infrared radiation
furnace up to approximately 1730°C in argon ambient. As a result, heating for one minute at 1730°C transformed

diamond clusters into carbon onions. Near-round and multi-layer structure of the carbon onions was observed and
confirmed by high resolution TEM. The particle size of these carbon onions ranged from 5 to 10 nm that
corresponds to the size of diamond clusters. This preparation technique also applied to diamond particles less than

0.5 gm in diameter to produce larger carbon onions. Tribological properties of the carbon onions were examined by

ball-on-disk type friction testing using a silicon wafer and a bearing steel ball. The carbon onions were distributed
on the silicon wafer without adhesive. The carbon onions exhibited lower and stable friction coefficients in

comparison with graphite powders both in air and vacuum at room temperature. The wear rates of steel balls
sliding on the silicon wafer on which carbon onions are distributed were extremely lower than that sliding on the
wafer over which graphite powders spread. Moreover, it is found that the carbon onions display its superior

tribological property on harder disk materials with smoother surface. Larger carbon onions prepared from diamond
particles have maintained low friction property on rough surfaces of silicon disks.

Keywords: carbon onion, diamond, cluster, solid lubricant, tribology

INTRODUCTION

Concentric graphitic shell structured particle, which is generally called carbon onion, is one of fullerene-
related materials together with C60 and carbon nanotube. This carbon onion has several highly potential properties
suitable for solid lubricant that works as micro bearings, for example, quasi-spherical structure, weak
intermolecular bonding as well as high mechanical strength. In order to investigate tribological properties of

carbon onions, at least milligrams order of carbon onions are required. Several synthesis methods such as high-
energy electron bombardment of carbon soot in TEM (ref. 1, 2), annealing of ultra-disperse diamond (ref. 3) and
carbon-ion implantation at high temperature into copper (ref. 4) have already been reported, however, these

methods have not demonstrated production of numerous carbon onions applicable to friction testing. Thus the
research of tribological properties of carbon onions has made little progress, while the tribological properties of C60
have investigated by many researchers after finding the way of production of macroscopic quantities of C60 by W.

Krfitschmer et al. in 1990 (ref. 5). This work focuses on the preparation of milligrams of carbon onions from
diamond clusters or particles by heat treatment and the study oftribological properties of the carbon onions.

PREPARATION OF CARBON ONIONS

Uniform carbon onions in size and shape are desirable for study of the tribological properties. In addition to
this, a mass preparation technique should accomplish its process in short time. In order to meet these requirements,

we have proposed a new preparation technique to obtain numerous carbon onions by infrared radiation heating
treatment of diamond clusters or particles. The transformation of diamond to carbon onions have confirmed by
TEM observation.
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Figure 1. TEM observation of diamond clusters.
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Figure 2. TEM observations of carbon onions prepared from (a) diamond clusters and (b) diamond

particles less than 0.1 gm.

How to prepare numerous carbon onions
We investigated macroscopic and rapid preparation of carbon onions by heating diamond clusters by infrared

radiation in inert ambient at atmospheric pressure. Figure 1 shows TEM observation of the diamond clusters used,
of which average diameter is approximately 5 nm. Heating of diamond clusters was carried out with an image
furnace that rapidly elevates and precisely controls the temperature of sample. The experimental procedure we used
is as follows. The cylindrical holder made of graphite filled with ten milligrams of diamond clusters was placed in

the furnace. After evacuation of inside of the furnace at approximately 1.3 Pa, argon gas was introduced into the
furnace. The diamond clusters were heated in argon ambient at 1.5x10 s Pa. The highest temperature at 1730°C

was attained by about 40 minutes heating and was maintained for one minute. After that, the diamond clusters
were cooled in the argon flow. The same procedure was applied to three kinds of diamond particles less than 0.1,

0.25 and 0.5 gm except for maintaining maximum temperature for sixty minutes.

Confirmation of carbon onion formation

Diamond clusters and particles given heat treatment were observed with high resolution TEM to identify their
microscopic structure. Figure 2(a) shows that diamond clusters are transformed into quasi-spherical particles

ranging 5-10 nm in diameter with closed concentric shells. The distance between the shells is regularly
approximately 0.35 nm that closely matches the lattice parameter do02( 0.34 nm) of bulk graphite. Particles with

multi-layered structure are also formed from diamond particles less than 0.1 gm as shown in Fig. 2(b). These
observations indicate the heat treatment we proposed is effective to transform diamond clusters and particles into
carbon onions. Furthermore, size distribution of the carbon onions prepared by our method corresponds to the size

of raw material and nearly equals to the particle size of diamond clusters and particles.
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Figure 3. Friction coefficient variations of carbon onions, graphite and C60/70 on Si(100) at a normal force
of 0.95 N and sliding speed of 6.3 mm/s in (a) air and (b) vacuum.

TRIBOLOGICAL PROPERTIES OF CARBON ONIONS

Tribological properties of carbon onions as solid lubricant were studied by ball-on-disk type friction testing.

Friction coefficients and wear rates were measured by the testing in air and vacuum using several sliding disk
materials with a certain range of surface roughness. These tribological properties of carbon onions were compared
to that of other carbon materials such as graphite and C6o/7o.

Experimental

Friction testing was performed normally using a bearing steel ball at 1/8 in. diameter and a (100) silicon wafer
with mirror surface. Ten milligrams of carbon onions were spread over a wafer without adhesive. Graphite

particles at average diameter of 25 gm and mixture of C6o (75-90 wt.%) and C7o particles were used as reference
materials of solid lubricant.
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Figure 4. Wear marks formed on bearing steel balls after friction testing in vacuum using (a) no
lubricant, (b) graphite, (c) C_0/70, (d) carbon onions from diamond clusters and (e) carbon onions from

diamond particles less than 0.1 gm.

Sliding behavior in air and vacuum
Friction was measured in air at relative humidity of 55% and vacuum at 1.3x10 3Pa at room temperature.

Figure 3 shows friction coefficient variations as a fimction of sliding distance at a normal force of 0.95 N and
sliding speed of 6.3 mm/s. In air, friction coefficients between steel and silicon are reduced using graphite and

carbon onions. On the contrary to this, C_0/70works an ineffective lubricant as already reported by V.L. Kuznetsov
et al. (ref. 6). Carbon onions, in particular that are prepared from diamond clusters, show lower friction coefficients
under 0.1 than graphite. Figure 3(b) shows carbon onions maintain low friction property even in vacuum, whereas

graphite exhibits no lubrication ability as generally known. The low friction coefficients of carbon onions in
vacuum seem to be more stable than in air.

Figure 4 shows optical microscope observation of the contact area of bearing steel balls after friction testing in

vacuum, and it is found that extremely small wear marks for carbon onions are formed comparing to that for other
lubricants. Wear rates determined by this observation are 10 _°-10 _2 mm3/N/m for carbon onions while 10 _-10 7
mm3/N/m for graphite and C60/70.

Sliding behavior on silicon disk with a certain range of surface roughness
It is required to determine the effects of surface roughness of sliding area on the lubrication properties of

carbon onions because surface of sliding components made with metal or ceramics have a certain range of surface
roughness. Moreover, this issue is important to discuss the lubrication mechanism of carbon onions. Thus friction

was measured using silicon wafers scratched with alumina powders to give a certain range of surface roughness.
Figure 5 shows relation between surface roughness of silicon disk and friction coefficients obtained in air and
vacuum using carbon onions prepared from diamond clusters and particles. In air, carbon onions from diamond

particles exhibit friction coefficients of 0.1-0.2 from smooth surface to rough surface up to 0.3 btmRa. This low
friction property maintains on the surface with larger dimension of roughness than particle size of carbon onions,

which is believed to occur by cohesion of carbon onions in the ambient with water vapor. On the contrary to this,
friction coefficients for carbon onions from diamond clusters increases with surface roughness because the carbon
onions are smaller so that they would hide in valleys of surface and exist outside of the contact area between a ball

and a disk. In vacuum, smaller carbon onions from diamond clusters as well as particles less than 0.1 btm exhibit
high friction on rough surface because the carbon onions are released from cohesion by nonexistence of water

vapor and stay at the bottom of surface profile. Larger carbon onions from diamond particles less than 0.5 btm still

keep low friction on rough surface up to 0.3 btmRa.

NASA/CP--2001-210948 541 August 6, 2001



0.8

= 0.6

o° 0.4
e-

O

O

0.2

' '''1 ' ' ' ' ' '''1

Carbon onions _om;

-_,_, clusters

-O-particles <0.1 pm

-O-particles <0.25 pm fl.:o

-_-particles <0.5 pm -'"

,//

(a)

i illl i i i i i illl i i i i i ii

0.01 0.1

Surface roughness wnRa

0.8

"_ 0.6

o 0.4
C

.O

0.2

' '''1 ' ' ' ' ' '''1

Carbon onions from; (b)
i-°;'" clusters

-O-particles <0.1 p.m

i iiii i i i i i iiii i i i i i ii

0.01 0.1

Surface roughness HmRa

Figure 5. Dependence of friction properties of carbon onions on surface roughness of sliding disks in (a)

air and (b) vacuum.

o
,m

o
o
C

0

kl.

0.8

o6t
....,'.+ ]

Stainlesssteel,:::l:::ii!:iii::_i;:ti'i::i :';"

.:,:.,,

., • Oo,,O,

0.4 ": -:;::. : ":i. ;:i;i''"" Pyrex glas:

0.2 ..................... "_"

•,-"-- _,' .......... Si

0 5 1'0 1'5 20

Sliding distance rn
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Sliding behavior on various disk materials

Frictions between a bearing steel ball and disks of silica glass, Pyrex glass and stainless steel were determined

in air when carbon onions prepared from diamond clusters were spread on the disks. Surface of the disks were

polished to finish its surface roughness below 10 nmRa where the carbon onions exhibit low friction property on

silicon disk as shown in Fig. 5(a). Friction testing was conducted at a normal force of 0.05 N and sliding speed of

6.3 mm/s. Figure 6 shows friction coefficients as a function of sliding distance on the three kinds of disks and

silicon wafer. Carbon onions show different lubrication property with disk materials, and friction coefficients

increase in the order of silicon, silica glass, Pyrex glass and stainless steel. Relation between friction coefficients

and Vickers hardness of the disks is shown in Fig.7. It is found that friction property of carbon onions depends on

hardness of sliding materials, and carbon onions exhibits lower friction coefficients on harder materials.
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CONCLUSIONS

Attempts to prepare numerous carbon onions were carried out by heat treatment of diamond clusters or

particles, and tribological properties of the carbon onions were studied by ball-on-disk type friction testing. The
results obtained in this work are as follows: (1) Carbon onions similar in size to raw materials of diamond clusters
and particles are prepared by heating at around 1730°C in argon ambient at 1.5x105 Pa; (2) Carbon onions exhibit

the low friction coefficients and the wear rates of sliding materials in both air and vacuum; (3) Larger carbon
onions prepared from diamond particles maintain low friction property on rougher surfaces; and (4) Low friction

property of carbon onions occurs on harder sliding materials.
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ABSTRACT

We have resolved the long-standing problem consisting of 30%-50% theoretical underestimates of the band gaps of

non-metallic materials. We describe the Bagayoko, Zhao, and Williams (BZW) method that rigorously circumvents

the basis-set and variational effect presumed to be a cause of these underestimates. We present ab-initio,

computational results that are in agreement with experiment for diamond (C), silicon (Si), silicon carbides (3C-SiC

and 4H-SiC), and other semiconductors (GaN, BaTiO3, A1N, ZnSe, ZnO). We illustrate the predictive capability of

the BZW method in the case of the newly discovered cubic phase of silicon nitride (c-Si3N4) and of selected carbon

nanotubes [(10,0), and (8,4)]. Our conclusion underscores the inescapable need for the BZW method in ab-initio

calculations that employ a basis set in a variational approach. Current nanoscale trends amplify this need. We

estimate that the potential impact of applications of the BZW method in advancing our understanding of non-

metallic materials, in informing experiment, and particularly in guiding device design and fabrication is simply

priceless. Acknowledgments. This work was funded in part by the Depaxtment of the Navy, Office of Naval

Research (ONR), through the Timbuktu Academy (Grant No. N00014-98-1-0748), and by NASA, through

PIPELINES (Grant No. NAG5-8552 and Cooperative Agreement No. CC 13-00010).

Keywords: Prediction, Energy or Band Gaps, BZW Method, Raleigh Theorem, the Hamiltonian

INTRODUCTION

The fundamental understanding and device applications of carbon-based and other non-metals have suffered

from a pervasive inability of ab-initio, theoretical calculations to produce accurate, unoccupied energy levels or

bands. The 30%-50% underestimates of the band gaps of these materials (refs.1 to 2) are just a symptom of

presumed, theoretical errors in the unoccupied energies. The inability of these calculations to reproduce measured,

optical properties of semiconductors is another symptom. Using the Rayleigh theorem (refs. 3 to 4) and the physical

content of the Hamiltonian, we describe a basis set and variational effect (refs. 5 to 10) that is a source of errors in

calculated, unoccupied energies of atoms, molecules, clusters, semiconductors, and insulators. We present the

Bagayoko, Zhao, and Williams (BZW) method (Refs. 5 to 7) that rigorously avoids the above effect and provides a

predictive capability for variational calculations that utilize a basis set.

In the remainder of this manuscript, we first discuss the persistence of the noted underestimation problem from

1900 to 1998, along with various attempts to solve it. This background is followed by a detailed description of the

basis set and variational effect, a presentation of our general method and of the Bagayoko, Zhao, and Williams

method that resolved the problem. We then present electronic properties for diamond (C), silicon (Si), silicon

carbide (3C- and 4H-SiC), barium titanate (BaTiO3), gallium nitride (GaN), zinc oxide (ZnO), and aluminum nitride

(A1N). Unlike most previous attempts, particularly the ones utilizing local density functional potentials, our BZW

results agree with experiment not only for the unoccupied energy levels and the band gaps, but also for the optical

transitions, the dielectric function, and the effective mass. We present our predictions for the electronic and related

properties of a newly discovered cubic phase of silicon nltride (c-Si3N4) and of selected carbon nanotubes. Our

conclusion, in light of the growing trend toward the nanoscale, underscores the need for the BZW method in

calculations that employ a basis set in a variational approach of the Rayleigh-Ritz type. It also notes the unavoidable

nature of the BZW method for descriptive or predictive computations of properties of nanostructures. This

conclusion finally intimates the huge time and money savings that could result from this work--in terms of guiding

the design and fabrication of molecular, nanoscale, and other devices.
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THEORETICALUNDERESTIMATESOF UNOCCUPIED ENERGIES

The Problem: The Unoccupied Energy Catastrophe

"Calculated Electronic Properties of Metals," (ref. 11) has been available since 1978. In this book, Momzzi,

Jauak, and Williams provided the calculated electronic energy bands, charge densities, and related properties of

metals. Their results, obtained with density functional potentials, generally agree with experimental measurements

and with other theoretical findings. We are not aware of a similar book on semiconductors and insulators. One

reason for the absence of such a reference manual stems from the facts that from the dawn of quantum mechanics in

1900 to 1998, there existed no easy way to calculate accurately the unoccupied energy levels of bands of

semiconductors or insulators. Indeed, most density functional calculations of electronic properties of these materials,

including diamond and other carbon-based systems, led to band gaps that were 30% to 50% smaller than the

measured values (refs. 1 to 7). This band gap catastrophe is actually a symptom of a more general problem

stemming from the inaccuracy of the calculated, unoccupied energy levels or bands. Such a problem,

understandably, reverberates throughout other calculated properties of these systems, including optical transition

energies and the dielectric function. The seriousness of this problem may be best understood by noting that most
device-utilization of semiconductors or insulators involves excited states. The unoccupied band catastrophe has

therefore been a major stumbling block to efficient device design and fabrication. Even though it is not as well-

known as the band gap catastrophe, the above underestimation of unoccupied energies also affected theoretical
results for atoms, molecules, and clusters. Additionally, it is pervasive in calculated properties of nuclei in the
framework of the shell model!

In the case of semiconductors and insulators, the above problem has been ascribed to limitations of density

functional potentials, with emphasis on the local ones. These potentials (refs. 12 to 16), from the early 1970 to

present, continue to be extensively utilized in theoretical descriptions of many body systems. Other approaches to

the representation of the potential, i.e., those based on Hartree Fock formalism, did not resolve the problem and are

often accompanied by other difficulties. For instance, the limitations of the Hartree Fock method are described by

Callaway (ref. 17); they include inordinately large band widths.

Attempts to Resolve the Problem

Several approaches have been utilized in an attempt to remedy the theoretical underestimation of unoccupied

energy levels or bands. They included the use of density functional potentials that are non-local, as done in the

generalized gradient approximation (GGA) (ref. 14). Some approaches applied the "scissors approximation" to

unoccupied bands obtained with local density functional potentials (ref. 18). This approximation essentially consists

of rigidly shifting upward the calculated, unoccupied energy levels or bands (ref. 18). The self-interaction

correction (SIC) and the self-interaction with relaxation correction are other approaches (ref. 2) that have been tried

with limited success. Perhaps one of the most widely used approach that clearly goes beyond density function theory

is the dressed Green function (G) and screened Coulomb (W) interaction formalism that employs non-local, energy-

dependent, and non-Hermitian operators. This GW method (Ref.1) is perhaps the most successful of the ones

referenced above, even though it also has its limitations. In particular, the GW method tends to give band-gaps that

are slightly larger than the experimental values. Many GW calculations are not self-consistent; the self-consistent

ones are reported (ref. 19) to increase the overestimation of the band gaps of semiconductors and insulators.

In 1998, we had obtained calculated energy bands that reproduced experimentally measured properties,

including the band gap, optical transition energies, and the dielectric function of barium titanate (refs. 5 to 6). The

extent of this agreement with experiment, for all calculated properties, warranted a search for an explanation; luck

and over-complete or incomplete basis sets were not satisfactory explanations_n light of the pervasiveness of the

agreement with experiment. Our prior experiences with calculations with several basis sets of different sizes (Ref.

9) led us to the explanation of the relative positions of the conduction bands as compared to the occupied bands. In

particular, Bagayoko (Ref. 9) had utilized the Rayleight theorem to explain the rigid shift of band energies, up or

down, depending on whether the basis size is reduced or enlarged, respectively. We identified and characterized a

basis set and variational effect that explains most of the unoccupied energy catastrophe. This effect is described
below in the next section.

An Explanation of the Problem: A Basis Set and Variational Effect
As explained in Reference 7, in a typical ab-initio, self-consistent calculation that employs the linear

combination of atomic orbitals method, electronic eigenfunctions are expanded using basis sets derived from atomic
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calculations(Refs.9and17).Chargedensitiesandpotentialsareconstructedusing only thefimctions belonging to

occupied states (ref. 17). The Hamiltonian matrix is generated and diagonalized. Key output quantities are discrete

energy levels or continuous bands and related wave functions. The resulting output wave functions for the occupied

states are employed to generate a new charge density and the computations are repeated. The process of using the

output of iteration (n) -Jar occupied states - to construct the input for iteration (n+l) continues until self-consistency

is reached. Various measures are utilized to define self-consistency, i.e., when basic quantities, including charge

densities, potentials, eigen-energies, etc., are respectively unchanged from one iteration to the next.

The trial basis sets are found by various authors by augmenting the atomic orbitals with polarization and diffuse

orbitals (ref. 7) whose numbers, until the work of Bagayoko, Zhao and Williams (refs. 5 to 7), had no particular

limit. In fact, from a completeness standpoint, the larger these numbers the better, provided no "catastrophic sinking

of energy levels" or negative Millican population numbers occur for occupied states (ref. 20).

The above arbitrariness in the selection of the size of the basis set, by virtue of the Rayleigh theorem and the use

of the wave functions for the occupied states to generate the Hamiltonian, leads straightforwardly to the basis set

and variational effect noted above. Indeed, the Rayleigh theorem states that when an eigenvalue equation is solved

using a basis set of dimension N and one of dimension N+ 1, such that all the orbitals in the first basis are included in

the second, larger one, then the eigenvalues resulting from the calculation with (N+I) orbitals will be respectively

lower or equal to their corresponding ones from the calculation with N orbitals. Specifically, if the eigenvalues in

each calculation are ordered from the lowest to the highest, then E1N+I < E1 N, E2 N+I < E2 N, E3 N+I _<_ E3 N, etc.

Physically, these inequalities indicate that a given variational eigenvalue approaches the corresponding exact

eigenvalue from above.

Clearly, the above theorem suggests that calculations should employ basis sets that are as large as possible. This

fact and the preoccupation with ensuring the quantum mechanical completeness of the basis set partly explain the

reason that the following effect was not quantitatively circumscribed for a hundred years. (The rather vague

expression of "basis set effects" is not to be confused with the basis set and variational effect as defined and

circumscribed herein.) A fact that places a limit on the size of basis sets in variational calculations, however, stems

from the utilization of the wave fimctions of the occupied states to generate the charge density, the potential, and

the Hamiltonian matrix. This matrix is contains the physics of the calculations. We define a minimal basis set as one

that contains just enough orbitals to account for all the electrons in the system under study. Beginning with a

minimal basis set, if one performs several calculations with basis sets that are each obtained by augmenting the

previous, smaller one, then one is expected to reach a size such that the charge density, the potential, and the

Hamiltonian no longer change. One does. Past this point, the use of larger basis sets, by virtue of the Rayleigh

theorem, will still lead to a lowering of some unoccupied energy levels or bands, even though the occupied ones no

longer change. There lies the basis set and variational effect, i.e., the extra lowering of some unoccupied energy

levels of ban&; by virtue of the Rayleigh theorem (reJ_'. 3 to 4 and 9), when unnecessarily large basis sets are

employed in self consistent, variational calculations of the Rayleigh-Ritz type.

To facilitate the forthcoming presentation of the Bagayoko, Zhao, and Williams (BZW) method for avoiding

this effect, we define the optimal basis set of dimension N as that of the first of the calculations, with increasing

basis sets, such that the next calculation produces the same charge density, potential, Hamiltonian, and occupied

energy levels or bands. This optimal basis set defines a new form of convergence, i.e., that of the Hamiltonian and

of the occupied energy levels or bands vis avis the dimension of the basis set. Reference 7 showed that calculations

with basis sets larger than the optimal set, if otherwise done correctly, do not change the charge density, the

potential, the Hamiltonian, or the occupied energies. They do continue indefinitely to lower some unoccupied

energies, given that the fundamental theorem of algebra dictates the appearance of new eigenvalues upon the
increase of the size of the basis set or of the dimension of the Hamiltonian matrix.

METHOD

General Method: the Potential and the Formalism

The general method employed in our calculations has been extensively described in the literature (Ref. 5 to

10). Our self-consistent, computational formalism consists of the linear combination of atomic orbitals (LCAO).

We employed the electronic structure package of the group of Professor Bruce Harmon at the Department of Energy

(DOE) Laboratory at Iowa State University (Ref. 21 to 22). We utilized Gaussian orbitals and therefore refer to our
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approachasalinearcombinationofGaussianorbitals(LCGO).Indescribingmanybodysystem,thechoiceofthe
potentialisacriticalone.Inallthecalculationsdiscussedbelow,weusedtheCeperley-Aldertype(ref.15)oflocal
densitypotentialsasparameterizedbyVosko,Wilk,andNusair(ref.16).

TheBagayoko, Zhao, and Williams (BZW) Method
We introduced this method in 1998 for completely circumventing, from first-principle, the above identified basis set

and variational effect. The BZW method basically requires a minimum of three self-consistent calculations that

utilize basis sets of different sizes. It begins with the minimum basis set, i.e., the basis set needed to account for all

the electrons of the atomic or ionic species that are present in the molecule, cluster, or solid under study. Completely

self-consistent calculations are carried out. For the second calculation, the minimal basis set is augmented with one

or more atomic orbitals that belong to the next and lowest lying energy levels in the atomic or ionic species. The

self-consistent bands from calculations I and II are compared, graphically and numerically. In general, there will be

qualitative (shape and branching) and quantitative (numerical values) differences between the occupied bands from

calculations I and II. A third calculation is performed, using the basis set for calculation II as augmented with

orbitals representing the next lowest-lying atomic energy levels.

The above process is continued until the comparison of the occupied energy levels leads to no qualitative or

quantitative difference. When the results (i.e., occupied energies only) from calculation N and those from

calculation (N+I) agree within the computational error, then the optimum basis set is that of calculation N. This

selection rests on the fact that a lowering of unoccupied levels, as in calculation (N+I), after the occupied levels

converged with respect to the size of the basis set, as in calculation N, is dictated by the Rayleigh theorem and does

not necessarily reflect the physics of the system. Such a lowering may not be the manifestation of any fundamental

interaction, but rather the expression of the basis set and variational effect identified above. In fact, Reference 7

showed that calculation (N+I) and others with larger basis sets do not change the self-consistent charge density or

potential from their values as obtained in Calculation N that utilized the optimal basis set. In multi-species systems

like GaN, two or more orbitals may be added at a time if the affected atomic levels are close in energy. While we

utilized the occupied energy bands for the determination of convergence with respect to the size of the basis set,

other parameters could be employed. They may include the charge density for occupied states and particularly the

potential.

RESULTS: CALCULATED ELECTRONIC PROPERTIES OF NON-METALS

We list in the table below the calculated band gaps of diamond, 3C- and 4H-SiC, and of several other

semiconductors. Space limitation does not allow us to delve into the details of these results and of many others that

are available in our previous publications (refs. 6 to 10). For each material listed below, the reader should refer to

these sources (ref. 6 to 10 and 23 to 25) for details. Other results in these papers include the electronic energy bands,

the density of states, effective masses, charge transfers, contour plots of charge densities, and optical transition

energies. For BaTiO3 and 3C-SiC, we provided the dielectric function and the total energy curves, respectively.

The verified theoretical predictions of the group of Dr. Carter T. White (refs. 26 to 27) at the Naval

Research Laboratories (NRL) on properties of carbon nanotubes partly inspired our interest in these materials. We

report below the band gaps for carbon nanotubes (10,0) and (8,4). Carbon nanotubes (10,0) belong to a symmorphic
0

group. Its diameter is 7.83 A and there are 40 atoms in the unit-cell. Carbon nanotube (8,4) belongs to a
0

nonsymmorphic group. The diameter of (8,4) nanotube is 8.29 A. The chiral angle of (8, 4) relative to the zigzag

direction is 19.10. There are 112 atoms in its unit-cell. While (10,0) has a direct band gap of 0.95 eV at the gamma

point, the 0.9 eV gap of (8,4) is off the F-point. The highest energy state of the valence band and the lowest state of

the conduction band are located at about 0.07X, where X= (1,0,0)/_. These nanotube band gaps, and that of 3.68
a

eV for the newly discovered cubic phase of silicon nitride (c-Si3N4), are predictions-given that we are unaware of

any available experimental values, to date.
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TableI. Calculated electronic properties (i.e., band gaps) of selected carbon-based and other semiconductors

versus measured values. All the calculations employed the BZW method. The results below are therefore

obtained with the optimal basis sets for the affected materials. Data for c-Si3N4 and for carbon nanotubes

(8,4) and (10,0) are predictions. Further details are available in the identified publications. Eg stands for the
band gap. Effective masses, M*, have symmetry and directional (parallel and perpendicular) labels as

subscripts. The free electron mass is m0. Energies are in electron volts (eV). Reference 7 explains the concept

of practically measurable band gap, as per tail structures in the density of states. When a range is provided

for the theoretical band gap, the lower limit indicates the theoretical minimum gap while the upper limit

shows the largest experimental value, depending on the sensitivity of measurement instrument and method
and of subsequent analysis.

(ref. 6)

Eg

M p,ll

M'p,±

M_,,,ll

M£±

GaN (ref. 7)

Eg

Si

(ref. 7)

Eg

Band Width

(valence)

M_t

ZnO

Eg

AIN (ref. 24)

Eg

Carbon

nanotube

(8, 4)

Eg

Calculation

2.6 eV

7.5 mo

1.2 mo

3.4 mo

1.2 mo

3.4 eV

1.02 eV

12.1 eV

3.2 eV

5.5-6.2 eV

Measurements

2.8, 3.0 eV

very anisotropic

1.0 - 1.5 mo

-3.4 eV

0.2 -t- 0.02 mo

1.14, 1.17 eV

12.5 eV

0.19 mo

0.98 mo

3.4 eV

3.9-6.2 eV

0.90 eV Unknown to us

Diamond (C)

(ref. 7)

Eg

Wv (valence

Band width)

Mn,ll

Mn,ll

3C-SiC

(ref. 8)

Eg

m*x

M* xw

4H-SiC

(ref. 8)

Eg

n,1

Mn,ll

M_x I

c-Si3N4

(ref. 23)

Eg

ZnSe (ref. 25)

Eg

Carbon

Nanotube

(10, O)

Eg

Calculation Measurements

5.05 eV 5.3, 5.48 eV

21.35 eV 21 -t- 1 eV and

24.2 eV

1.1 at- 0.2mo 1.4mo

0.30 at- 0.03 mo 0.36 mo

2.24 eV 2.2, 2.4 eV

0.72 at- 0.04 mo 0.677 at- 0.015 mo

0.22 -t- 0.02 mo 0.247 -t- 0.011 mo

3.11 eV 3.2, 3.3 eV

0.41 at- 0.02 mo 0.42 mo

0.31 at- 0.02 mo 0.33, 0.29 mo

0.62 -t- 0.03 mo 0.58 -t- 0.01 mo

0.27 -t- 0.02 mo 0.31 -t- 0.01 mo

3.68 eV (Not yet available)

2.6-3.1 eV 2.8 eV

0.95 eV Unknown to us
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CONCLUSION

As pertheaboveresultsandothers,thedescribedBZWmethodresolvedthelongstandingtheoretical
underestimation,by30%-50%,ofthebandgapsofsemiconductorsandinsulators,includedcarbon-basedmaterials
andcarbonnanotubes.Assuch,themethodprovidesatoolforsignificantcontributionsoftheoreticalcalculations
in (a)thecorrectdescriptionof non-metallicmaterials,(b)thepredictionsof electronic,optical,andrelated
propertiesofsemiconductors,(c)industriallyrelevantbandgapengineeringandrelateddesignandfabricationof
devices,and(e)thesearchfornovelmaterials.Inparticular,currenttrendstowardthenanoscale,in lightofthe
prevailingnatureofquantumeffectsattheatomicandmolecularlevels,seemtodictatetheuseofthismethodfor
computationsthatutilizebasissetsinavariationalapproachoftheRayleigh-Ritztype.
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ABSTRACT

The cage of carbon nanotubes and onions might incorporate various defects, the portion and kind of which is
likely to depend on the synthetic conditions. To reveal the effect of structural defects on the electronic state of
carbon, multiwall carbon nanotubes and onion-like graphitic particles were examined by X-ray emission
spectroscopy, which measures carbon 2p partial density of occupied states. Multiwall carbon nanotubes were
synthesized in an electric arc and by decomposition of acetylene at 700 °C over Co/Fe catalyst. The samples of
onion-like carbon were produced by the annealing of ultra-dispersed diamonds at 1600°C and 1800°C. Transmission
electron microscopy showed that nanoparticles (tubes or onions) formed at the higher temperature have more perfect
structure. So, the arc-discharge carbon nanotubes are predominantly straight, while the catalytic ones are often bent
and curved. The layers of carbon onions prepared at 1800°C are better graphitized and ordered.

CKo_ spectra of the high-temperature produced nanotubes and onions were found to be very similar to the
spectrum of polycrystalline graphite indicating that these carbon materials are characterized by about the same

portion of defects, which mainly concentrated at the particles boundary. Whereas CKc_ spectra of the sample
produced at lower temperatures exhibited an increase of density of n occupied states in about 1.5 times for
nanotubes and 2 times for onions compared to that for graphite. The observed perturbation of the density of states is
the most likely to be due to defects, which disrupt a uniformity of the conjugated n-system.

To estimate the influence of the structural defects on the density of n-states a number of caged graphitic models
incorporating non-hexagonal tings., spa-hybridized atoms, or incomplete bonds were calculated using quantum-
chemical semi-empirical method AM1. Comparison between the experimental spectra and theoretical ones indicated

that the localization of occupied n-electrons increases somewhat when two former kinds of defects are occurred in
the tubular and spherical cage and more considerably for the holed structures formed in carbon deficient conditions.

This work was supported by tNTAS (Project No. 97-1700), the Russian Foundation for Basic Research (Projects
No. 00-03-32463a and No. 00-03-32510a) and the Royal Society (Joint Project grant).
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HRTEM study of carbon aggregates under irradiation

J.C. ARNAULT, NL ROMEO, G. EHRET, et F. LE NORMAND

Groupe Surfaces-lnterfaces, Institut de Physique et Chimie de Strasbourg, IPCMS-GSI,

UMR 7504, Bat 69, 23, rue du Loess, 67037 Strasbourg

F. BANHART, P. KOHLER-REDLICH

MPI Stuttgart, Seestr. 92, 70174 Stuttgart

Under CVD conditions of carbon activated by a hot filament, well organized graphitic planes and

carbon aggregates (onions, polyhedral graphite) have been observed on a copper substrate [1]. More, graphitic

aggregates with a negative curvature called tripods were also found. This particular geometry theoretically
predicted, was never observed under CVD conditions. In order to better understand the formation mechanisms

of these aggregates, HRTEM observations have been performed using the JEOL ARM-1250 kV microscope

(MPI Stuttgart). This high energy microscope is rather adequate to study the stability and the reactivity far from

equilibrium of carbon aggregates using an intense electron beam (200A I em _) under annealing at 770 °C [2].

Hence, the direct transformation of graphitic shells to diamond phase was directly monitored [3].

We determined the radial distribution of the inter-shell distances was by HRTEM image analysis. In

this way, the structural organization of the carbon shells under irradiation could be followed. More, this

analysis is sensitive to the presence of sp3 defects in the aggregate structure and may be useful to determine the

sp _ / sp3 ratio. Several steps were observed: the apparition of bended planes with a sixfold symmetry, a diamond

phase at the centre after a strong irradiation, then, the evolution to the structure of an onion healed from its

defects. The tripod borders surrounding the negative curvature were also investigated and dislocations were

localized. The organization of these dislocations with antiphase boundaries can explain the negative curvature.
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ABSTRACT

The article presents a systematic study of various carbon structures prepared by an ion beam
method and reports detail conditions for their deposition. The ion beams were extracted from variable
mixtures of methane/hydrogen/argon plasmas in a Kaufman ion source and impacted on the silicon
substrates.

The deposited carbon structure includes amorphous and gmphitic carbon phases, beta silicon
carbide, and nanocrystallites of diamond in their hexagonal, cubic and and rombohedral configurations as
revealed by high resolution transmission electron microscopy. In addition to diamond nanocrystallites
confined in an amorphous carbon phase, the nanocrystallites also developed epitaxial relationships with the
silicon substrates at specific deposition conditions. The deposition products, and nanostructured diamond
crystallites depended very much on the ion beam parameters, however, they were strongly affected by the
substrate temperature.

This work supports our previous experimental results acquired from a bias assisted hot filament
CVD method and further elucidates diamond nucleation and heteroepitaxial growth.
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The study of features of forming of model discontinuous films (reduced ions of metal) on matrixs

of a various nature has given a number of fundamental results stipulated by revealing of their

mobility, anomality of optical, thermoelectric and issuing properties. On carbon matrixs the

formation of such structure proceeds basically on the diffusive dodge, with the help which one there

is a key opportunity of realization energy-controlled of forming process of discontinuous films

assigning type such as with dedicated, for example by issuing properties.

The purpose of our work was finding - out by the help of a scanning submicroscopy method for

formation conditions of discontinuous structures at energy-controlled reactings of processes

initiation by their forming from adsorbed in porous layers of carbon matrixs of model solution

HAuC14. The process was conducted as at processing the most carbon material by a stream of

ionizing radiating (e, gamma-quantums), and at beaming all heterogeneous system. The detailed

analysis of received obtained microphotographs demonstrates, that the forming of discotinuous

films starts in into-surface layer of a carbon fragment, and then is distributed deep into matrixs, i.e.

the secondary discontinuous films will be derivated new.

Is marked, that at particular modes of processing of a matrix the fissile process of growth of

discontinuous structures takes place, their sizes achieve magnitudes 2-10 microns and then the

process of growth is retarded. That fact merits notice also, that at "weak" modes of matrix

processing by a stream of radiatings the discontinuous films will be derivated by the way of surface

crystal grains.

Is retrieved, that at augmentation of stream power the process of forming of discontinuous films is

significally changed, proceed volumetric diffusion resulting in to forming of volumetric cluster

structures more actively. The discontinuous films, characteristic for low-energy processes of

forming, at middle- and high energy processes are enlarged, becoming clusters of the various

geometrical form.

Is showed, that in discontinuous structures of gold at fields some volt on centimeter is watched a

deviation from a Ohm's law, that is rather essential at obtaining conductance at major entered

powers and issue, observed at it, of hot electrons, and also excited by a radiation current of a light
by discontinuous films.

The new technology of obtaining of items is offered on the basis of discontinuous structures of a

given type, sizes and various geometrical constitution. The centres of issues reshaped on offered

technology, will have very small scatter on energies thanking high-density of metal in nonuniform

structure, that in turn will allow to reshape very major emission currents (200 mkA and more), that

is much higher than arguments of insular frames, for example, from molybdenum.
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ABSTRACT

The main question of the characterization of any carbon surfaces by surface sensitive methods is whether

adventitious carbon (AC) presents on the samples. The inherent structures of the CKVV Auger spectrum for AC on

non carbon surface have been determined. There are two features of identification of AC surface: 1) the sp3-character

of the CKVV Auger spectrum and 2) the left part of the CKVV spectrum that originates from electron energy loss

lies below that of polyethylene and graphite but above that of methane. These results allow wide use of the CKVV

spectra with X-ray excitation for study carbon samples prepared in-situ or ex-situ and identification of AC on it.

Keywords: Adventitious Carbon, AES, XPS

INTRODUCTION

It is well known that AC is always observed on oxide and metal surfaces prepared ex-situ. The AC on sample

surfaces may originate from the atmosphere air, sample handling and/or contamination in the analysis chamber by

vacuum pump oil. The Cls XPS peak of AC is used as the binding energy standard for studying of insulators. The

nature of AC as the base for charge reference in the XPS method was investigated by many authors (ref. 1-3).

The complexity of chemical analysis of AC by XPS on such samples as graphite, diamond, diamond-like

materials and organic samples is caused by the small range of the Cls binding energy (ref. 4,5).

The Auger decay in carbon atoms involves valence band electrons and therefore the AES is often capable of

yielding information concerning the chemical environment of atoms in gas-phase molecules or in near-surface

region of solids (ref. 6,7). Obviously, the Auger spectra can provide useful information about carbon atoms in AC.

With this in mind we have studied the XPS and the X-ray excited AES (XAES) spectra of AC on SiO2, A1203, oxide
metals and native silicon oxide surfaces

The aim of this paper is to develop the potential of the X-ray excited Auger electron spectroscopy (XAES)

combined with the X-ray photoelectron spectroscopy to solve the problem of identification of carbon chemical states

on surfaces of real films.

EXPERIMENTAL

The XPS and the XAES data were obtained using the MK II VG Scientific spectrometer with oil pump.

Photoelectron and Auger processes were excited with an A1 Kc_ X-rays source. The vacuum in the analysis chamber

was 1.10 -7 - 5* 10 -8 Pa. The spectra were collected at the constant analyser energy mode with the pass energy of 20

eV for the XPS, and 50 eV for the XAES. The Cls spectra were acquired with 0.1 or 0.05 eV step size; and 0.25 eV

step size was used for the CKVV spectra. All the spectra were referenced to Fermi level using the Cls binding

energy at 284.8 eV.

We can't vary AC concentration on sample surfaces so we look over many samples to obtain different
concentrations.

Auger spectrum shape is shown to be dependent on AC concentration on a surface but practically independent on

a substrate. So we present the results of the AC native silicon Auger spectra shape investigation on SiO2.

The samples were being stored in air from 1 hours up to some years. Carbon concentrations on surfaces were

measured by the Cls, Si2p and Ols XPS lines. Some samples contain 10 - 15% others about 30-80% of AC. The

Cls, CKVV, wide, Si2p spectra were acquired for 40 minutes. Then the sample surfaces were cleaned in-situ with

Ar ions at 3 keV and Ip -- 25 mkA/cm 2 for 30 seconds. The noticeable concentration of carbon on the sample

surfaces was accumulated only after 2-hour storage in the analysis chamber. These data allowed suggestion that the

AC had been formed due to absorption outside the spectrometer.

RESULTS AND DISCUSSION

Fig. 1 shows the comparison of Wide spectra of polyethylene with that of AC on native silicon oxide (17%) and

SiO2 (80%). One can see the significant difference in intensity of Cls and Si2p peaks for the last samples. The Si2p
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peakintensityinnativesiliconoxidechangesslightlyafterremovingofACbyArsputtering.Thisfactallowstodo
suppositionaboutsmallthicknessofAC.WedenotetheACasmonolayer(ML).TheintensityofClspeakonSiO2
isbiggerthanthatonnativesiliconoxide.WedenotetheAC(TL)asathicklayer.Accordingourestimationbased
ontheequationfrom(ref.7)andontheSi2pXPSintensitywithandwithoutoftheAC,athicknessoftheoverlayer
is equaltoabout8monolayers.Theinformationdepthof theCKVVemissionaccordingtoestimationonbase
calculation(ref.8)isequal2-3monolayers.So,thethicknessofAC(TL)considerablyexceedstheinformationdepth
oftheCKVVemission.
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Figure 1. The wide XPS spectra with different concentration of AC.

Fig. 2. shows the comparison of the CKVV spectra of polyethylene with that for two concentrations of AC: ML

and TL. Two fold-polyethylene films were split in air and then were put in a chamber. Any cleaning procedures

were not performed in the chamber. The CKVV of AC (TL) practically coincides with that of polyethylene, but

there are differences in the slope and the structure of the left part of spectra. The differences in the parts of the

spectra are shown in frame. The CKVV width of AC(ML) is more narrow and this spectrum has more remarkable

incline of the left part. Thus, the shape of CKVV spectra depends on the concentration of AC on surfaces.

1.0
CKVV _ AC (TL)

,/o.-_ .... Polyethylene

0.8 if/" %_,_ Z//..' '..\ ...... AC (ML)

(/)

t- . .. . ° ",,,,0.6 .-"" .... """4
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Figure 2. The comparison of the CKVV spectra for polyethylene with that for two concentration of AC.
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Figure 3. The comparison of the CKVV Auger spectra of polyethylene, methane and AC(ML).

In order to have a better understanding of the structure CKVV spectra, we have compared spectra of AC and gas

phase molecules from (ref. 11).

The structure of the CKVV spectra of TL(AC) coincides very closely with that of polyethylene (Fig. 2). This

clearly demonstrates the character of sp3-bonds in carbon contamination. But there is a very important difference at

the left part of the spectra that due to energy loss of Auger electrons as they escape from a surface [6]. The left part

of the CKVV spectrum of AC(ML) (Fig. 3) lies below that of polyethylene but above that of gaseous molecules of

methane, neopentane and normal pentane (ref. 9). The comparison of the CKVV Auger spectra allows suggestion

that the molecules of AC (ML) are at the position between the gas molecules and solid: one part of the molecules is

connected with solid and the rest dangle outside the surface. This supposition are confirmed by the CKVV of

AC(TL) in Fig. 2. The spectrum practically coincides with that of polyethylene. It is necessary to mark increasing

width of the CKVV spectra with increasing of a number atoms in gas molecules (ref. 9) CH4, C2H6, CH3CH2CH3,

CH3(CH2)3CH 3 . So, the width of the CKVV spectra pentane CH3(CH2)3CH 3 is close to that of AC(TL) and

polyethylene spectra, but the left part of gas phase Auger spectra do not change with increasing of a number atoms

in gas molecules. The feature I shows the left tail of spectra that is due to the distinction in the electron energy loss.

There are the inherent features in II and III for each spectrum. The feature IV shows the difference in the width for

every spectrum.

The information depth of the CKVV Auger emission is equal to 2-3 monolayers. So, when AC layer thickness

exceeds this value spectra will look like the spectrum of TL (AC) on fig.2.

Three cases are possible:

a) an Auger spectrum of any carbon surface has the typical shape of sp3-bonds. In order to identify chemical bonds

on the surface it is necessary to analyze in detail the left part spectrum (as shown in the frame of Fig.2.).

b) an Auger spectrum of any carbon surface has the typical shape of sp2-bonds. It means the absence of any AC on

the surface.

c) an Auger spectrum of any carbon surface does not coincide with the typical shape of sp2-or sp 3- bonds and the left

part has a slope. It means that the spectrum is a sum of that of substrate and AC(ML).
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Figure 4. The simulation of the CKVV Auger spectrum of graphite with AC(ML)

Fig. 4 shows a simulation of the CKVV Auger spectrum of graphite with AC(ML) with equal intensity spectra.

The summation shows a modification of the total spectrum. This qualitative data give an insight of what must

happen when the surface of graphite is covered by AC. As one can see, the detection of AC(ML) on a surface with

sp 2-bonds produces no problems.
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Figure 5. The simulation of the CKVV Auger spectra of polyethylene with AC.

Fig.5 shows the simulation of the CKVV Auger spectra of polyethylene with AC with equal intensities. The

detection of AC on surface with sp 3 -bonds presents problems. In the case one should to analyze both the shape of

the main feature and left tail spectrum.

So, Fig. 4,5 display the transformation of the Auger spectra of carbon surface sp 2 and sp 3- bonds due to the

presence of AC(ML). We have analyzed a lot of carbon films with sp % and sp 3- bonds prepared ex-situ and we

observed sometimes the CKVV spectra as the sum in Fig. 4,5. We observed the CKVV Auger spectra similar to that

of AC(TL) only on CNx (sp 2 - bonds) and melamine C3NdHd (sp 2 - bonds) surfaces.
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CONCLUSION

TheAugerspectrastructurecorrespondstosp3-structureanddependsonAClayerthickness.Therearethree
featuresforidentificationofAConacarbonsurface:

a) thesp3-characteroftheCKVVAugerspectrum;
b) thestructureoftheleftpartspectrum;

TheidentificationofAConcarbonsurfacewithsp2-bondsdonotpresentsproblems.TheidentificationofACon
carbonsurfacewithsp3-bondspresentssomedifficultiessomoreaccurateworkisneededwithleftpartofthe
CKVVAugerspectra.NoteverycarbonsurfacecontainsACasopposedtometalandoxidesurfaces.Forexample,
HOPG,fullerene,quaterphenilandpolyethylenesurfacespreparedex-situ have not contained AC. The row N(E)

CKVV spectrum is powerful method of the study of AC on carbon surfaces.
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ABSTRACT

cBN films have been synthesized on Si substrates from the Ar-N2-BF3-H2 gas system by bias-assisted plasma jet

CVD. The BN films obtained show a strong IR absorption of the cBN peak and the cBN content was estimated to be

over 90 %. Crystal quality was as high as sharp XRD peaks of cBN and Raman peaks of TO and LO phonon modes

were observed. Crystal size observed by TEM was 0.2-0.5 gm in width and nearly film thickness in length. Residual

stress in the films was evaluated to be 1-2 GPa and large film thickness of over 20 gm was achieved. The deposition

rate was as high as 16 gm/h. Three factors seem to contribute to this success: the use of fluorine, substrate biasing,

and a dc arc plasma jet. The characteristics of this synthesis method, properties of the cBN films obtained, and the

shortcomings of this method to be overcome were reviewed and the roles of the above three factors were discussed.

Keywords: cubic boron nitride, plasma CVD, dc arc jet, fluorine, bias

INTRODUCTION

Owing to its unique properties such as high hardness, high thermal conductivity, low dielectric constant (for high

frequency), largest band gap among all the covalent materials so far known, dopability to n- and p-type

semiconductors, and low reactivity to iron-family metals, cubic boron nitride (cBN) is expected to be a potential

material for high-temperature high-frequency electronics and for short wavelength optical and optoelectronics, and

as hard coatings for cutting ferrous materials. After the success of chemical vapor deposition (CVD) of diamond,

low-pressure synthesis of cBN has been also tried for about 20 years by using various methods, but the performance

has been far behind that of diamond CVD (ref. 1-2). These methods can be classified into three categories, i.e.,

physical vapor deposition (PVD), low-pressure CVD, and medium-pressure CVD as summarized in Table 1. The

first two apply ion bombardment to substrates by using ion beams or substrate bias under low gas pressures. The

third one does not use ion bombardment but has not yet yielded reproducible results. The first two can give cBN

films even with high phase purity, but owing to the effect of ion bombardment on substrates, the crystal size was

limited to a few to several tens nm and the films have high residual stress, which limited the film thickness below 1

gm. By using a plasma jet and a fluorine-containing gas system, we have succeeded in synthesizing cBN films with

large crystal size, low stress, and film thickness over 20 gm (ref. 3-12). In this paper, the experimental procedure

and results are reviewed, and characteristics of the method, film properties, and the problems to be overcome will be

discussed.

Table 1. Comparison of deposition conditions between the present methods and the methods used so far.

PVD Low-pressure CVD Medium pressure CVD Present method

Method or plasma BS, IBAD+EB, IBD, Helicon ECR, rfCCP, rfICP, Helicon Hot-ilL+if, Microwave DC-jet

Source and _as hBN or B, +Ar or Ar+N: BeH6(TMB, BZ)+Ar+N: BeH6(NaBH3)+NH3+H: BF3+Ar+Ne+H:
Pressure (Torr) 104_10 2 104-10 2 0.1-100 50

Bias voltage, Ion energy 10_-10 _ 50-10 _ - -85V
Bias Current (mA/cm 2) 10 2-1 10 1-1 - 100

Rows 4 and 5 were summarized after ref. 2. BS: bias sputtering, IBAD: ion-beam-assisted deposition, EB: electron beam

evaporation, IBD: ion beam deposition, TMB: trimethyborazine, BZ: Borazine

DEPOSITION METHOD

* Corresponding author, e-mail:matsumoto.seiichiro@nims.go.jp

Present address: Department of Physics and Materials Science, City University of Hong Kong, Kowloon,

Hong Kong
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Thesetupofthedepositionapparatusisshownelsewhere(ref.3).AnAr-N2-BF3-H2gasmixturewasusedasa
plasmaandreactantgasunderachamberpressureof50Tort.Apieceof(001)Siwafer(14x14x0.5mm)wassetas
asubstrateonawater-cooledsubstrateholderandplacedintheflameofthedc-arcplasmajet.TheSisubstratewas
coveredwithaBNcoverwithaholeinthecenterinordertoconcentratethebiascurrentontotheSisubstrate.The
substrateholderwasnegativelybiasedwithadcpowerora400kHzrf power.Thesubstratetemperaturewas
measuredfromthebacksidewitha fiberthermometer(OptonicoOT100).Otherdepositionparametersare
summarizedinTable2.Thephasecomposition,structure,andcrystalqualityofthefilmswereinvestigatedbyFTIR,
XRD,SEM,TEM,andRamanspectroscopy.

Ar(slm)
N2(slm)
BF3(sccm)
H2(sccm)
Pressure(Torr)
Jetpower(kW)
Substratetemperature(°C)
Biasvoltage(V)
Duration(min)

Table 2. Deposition conditions
dc bias

20

1.5

3

5-3

50

3-6

930 - 1150

-85

10- 180

rf bias

20

2.5 - 0.0025

3- 10

0 -30

50

3-6

840- 1080

-130--175 (self bias)

10

CHARACTERISTICS OF THE DEPOSITION METHOD AND PROPERTIES OF THE cBN FILMS

A. The characteristics of the deposition method.

1. Fluorine is necessary for cBN growth. B2H6 or BC13 instead of BF3 did not give cBN under the similar deposition

conditions. There is an optimum window in the BF3/H2 ratio for cBN deposition, i.e., 3/5 to 3/1.5. If the ratio is

higher, etching predominated and if lower, hBN deposits.

2. There is a window for substrate bias voltage also, about -85 V for dc bias and around -150 V for rf selfbias. The

crystal quality of cBN was much better for films obtained with dc bias than that with rf bias. The properties of

cBN films described below are those of the films by dc bias.

3. The chamber pressure during deposition used in the present experiments is 50 Torr, which is more than 3 orders

higher than those used in conventional CVD and PVD methods using ion bombardment. The deposition pressure

seems to affect bias current, deposition area, deposition rate, crystal quality, and controllability of the process.

Therefore, it should be chosen depending on what performance one wants.

4. Substrate temperature is rather high, 930 - 1150 °C for the dc bias. High substrate temperature was favorable for

obtaining a high-quality cBN film, probably because of high bias current through an insulator film like BN, high

reactivity on the surface, and annealing effects during deposition.

B. The properties of the cBN films obtained.

1.cBN content estimated by IR absorption spectroscopy was over 90 % but the strong absorption of the cBN peak

makes the evaluation of the percentage difficult. However, hBN peaks always appeared even if they were very

weak. Examples of IR spectra are shown in Fig. 1 for the films deposited for 10 and 60 min.

2. SEM and TEM observation revealed the columnar growth of crystals and the crystal size was 0.2-0.5 gm in

lateral width and about the film thickness (a few gm) in length. Clear Raman peaks of cBN phonon modes were

observed for the first time for a cBN film from the gas phase. An example of Raman spectra for the cBN film

obtained is shown in Fig. 2 together with the spectrum of commercially available cBN crystals made by a high

pressure high temperature method.

3. Compressive stress in the films was estimated to be 1-2 GPa by peak shifts of XRD and Raman spectra. This

value is lower than the value 2-20 GPa reported so far and a film of over 20 gm in thickness can be obtained.

4. Deposition rate of 0.3 btm/min, which is 3-5 times higher than the highest value so far reported for cBN film

growth.
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5.ThereisaninterfacelayerofSi/aBN/hortBN/cBNforthefilmbythismethodalsoasalwaysobservedforcBN
filmsbyPCDandCVDmethodsusingionbombardment.Thethicknessoftheinterfacelayerisrelativelyhigh
(severaltensto200nm).
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Fig. 1 IR absorption spectra of cBN films on Si deposited at

1150°C under -85V dc bias for (a) 10 min and for(b) 60 min.
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Fig. 2 Raman spectra of (a) a cBN film deposited at 1150°C

for 1 h and (b) a 0.4ram-size crystal commersiaJly available.

C. However, the crystal quality and the growth rate are still far behind those achieved for diamond film growth.

1. As far as IR spectra are concerned, usually phase pure cBN films cannot be obtained as mentioned above, while

phase pure diamond films can be obtained easily by many CVD methods.

2. The crystal size of the cBN films is small and crystal quality is still low. Single crystal diamond with the size of

several hundred gm can be obtained from the gas phase and the FWHM of about 2 cm- for the diamond Raman

peak has been achieved, whereas the smallest FWHM of the cBN peaks is about 10 cm -1 at the present stage. The

background level of the Raman spectra by fluorescence is high even for one of the lowest cases as shown in Fig.

2, while it is very low for high-quality diamond films.

3. Film surface is usually rough and crystal faces are not observed. Figure 3 shows SEM surface morphologies of

cBN films deposited (a, b) under most usual conditions (-85V bias, 3 sccm BF3, 3.5 sccm H2) and (c, d) by three-

step process (-85V, 3 sccm BF3, 3.5 sccm H2, -85V, 3 sccm BF3, 1.2 sccm H2; -70V, 3 sccm BF3, 1.2 sccm H2).

The lower hydrogen flow rate and lower bias gave a more flat surface (Fig. 3c, 3d) but the surface is composed of

small particles of several tens nm in size. On the other hand, the surface of diamond films are usually covered

with crystal facets or smooth if textured or epitaxial growth occurs. Appearance of smooth surfaces is reported for

amorphous or nonocrystalline diamond films.

4. Residual stress is still exists which prevents good adhesion of thick cBN films on thick substrates, which means

that the stress is relaxed partly by plastic deformation of the Si substrate at high substrate temperatures during

deposition.

On the process of the present deposition method, there are also some problems to be overcome.

5. The deposition rate of cBN films is still low, only one fiftieth of the highest rate of diamond deposition by dc-

jet CVD; a deposition rate of about lmm/h has been reported.

6. The substrate temperature used is too high to deposit cBN on various substrates.

7. There are some shortcomings for DC-jet CVD, i.e., high cost of the operating gases and the electric power, and

lower controllability of the process due to its high gas temperature.

DISCUSSION

Three factors seem to contribute to the success of cBN synthesis by this method: the use of fluorine, substrate

biasing, and a thermal plasma. Fluorine has high reactivity in forming strong chemical bonds with many elements

and it has also high etching ability as many fluorine compounds are being used as etchants in semiconductor
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Fig. 3 SEM morphologies of cBN films deposited under the 85 V bias (a) and 70V bias (c). (b)
and (d) are the enlarged images of (a) and (c), respectively. See text for more details.

technology. It must react with unsaturated BN bonds such as in hBN and forms sp 3 B-F and N-F bonds or

preferentially etches hBN as demonstrated by Kalss et al (ref. 13). It must also react with cBN and formed surface

B-F and N-F bonds, which stabilize cBN surfaces. However, the surface bonds with fluorine on cBN, particularly B-

F bonds, seem to be stable and prevent the further growth of cBN (ref. 14). Therefore, substrate bias during the

deposition process must be necessary to grow a cBN film. In our method also, cBN did not deposit without substrate

bias. However, because the gas pressure used is as high as 50 Torr, the effective bombardment energy should be

much lower and the effects of substrate bias is probably different from those in conventional PVD and CVD

methods. The process at the very near the film surface seems more important as mentioned above. Owing to its high

ion and radical density, thermal plasmas can deposit diamond in high growth rate. For cBN synthesis, high-density

plasma contributes not only to high concentration of reactive species but also to high ion fluxes to the substrate. The

bias current in this method was in the order of 100 mA, which is about 2 orders higher than that used so far for cBN

synthesis.
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ABSTRACT

To have a comprehensive understanding of the effects of experimental conditions on the film quality, and to

improve the crystallinity of cubic boron nitride (cBN) films deposited by chemical vapor deposition, a two-step

process by changing the bias voltage and gas composition was designed. The film structure and crystallinity were

investigated by Raman spectroscopy, scanning electron microscopy, and transmission electron microscopy. A

critical bias voltage for the growth of the cBN films was revealed; the potential to extend the lateral size of crystal

columns by this two-step process was demonstrated. In addition, the etching behavior of fluorine and its dependence

on the substrate bias voltage was studied.

Keywords: cubic boron nitride, columnar growth, crystal size, crystallinity, TEM.

INTRODUCTION

The excellent physical and chemical properties of cubic boron nitride (cBN), i.e., its hardness being second only

to diamond, high thermal conductivity, chemical inertness, high refractive index and wide band gap in connection

with p- and n-type dopability, make it an extremely promising material for applications in many practical fields.

During the recent years, much effort has been put into improving the preparation of cBN films, different kinds of

deposition were developed. According to the growth mechanism, the deposition methods can be sorted to be

dominated by i) chemical and ii) physical effects. For the deposition utilizing chemical effects, the same effects of

hydrogen to preferentially etch the sp 2 components and to stabilize the sp 3 structure as that in the deposition of

diamond films by chemical vapor deposition (CVD) were expected because boron nitride (BN) forms both cubic and

hexagonal (hBN) phases in many ways analogous to carbon. The deposition of thin films containing cBN by CVD

methods in hydrogen-based plasma was reported by several authors (ref. 1). However, careful and detailed

characterization of the films was still needed to confirm the reliable formation of cBN phase from hydrogen-based

plasma without applying substrate bias. The successful methods which can lead to the deposition of nearly phase

pure cBN films make use of physical effects in spite of physical vapor deposition (PVD) or CVD performed (refs. 2

to 3). The ion-bombardment of the substrate plays an essential role for the formation of the cubic phase by physical

effects. By involving the low-energy ion bombardment during film growth, the deposited cBN films generally

exhibit high compressive stress, which is thought necessary to obtain cubic phase (refs. 4 to 6). This stress results in

a restricted maximum film thickness of up to several hundred nanometers and the poor adhesion of the cBN filmsto

substrates. Currently, the limitation in thickness and crystal size (up to tens ofnanometers), and poor crystallinity of

cBN films deposited by both physical and chemical vapor deposition methods represent a serious obstacle in the

further development and application of cBN films.

Another important aspect in the current deposition process is to optimize the experimental parameters separately

for nucleation and growth of cBN films. Although a layered structure of amorphous/hexagonal/cubic BN is normally

observed in the deposition of cBN films, and the formation of such an interface was considered to correspond to the

incubation of cBN nucleation, the same experimental condition was used for both nucleation and growth in nearly

all previous works. Litvinov et al (refs. 7 to 8) observed an improvement of film crystal quality as well as a decrease

of stress with decreasing ion energy by reducing the bias voltage in a two-step process of ion-assisted sputtering,

* C orre sponding Author; pre sent address: Center Of Super-Diamond madAdvancext Films (COSDAF) and Department of Physics

and Materials Science, City University of Hong Kong, Kowloon, Hong Kong; electronic mail: ap_vjzh@clty_e&_i,_ Fax:+852-
2788 7830; Tel: +852-2788 9596.
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whichsuggeststhatit maybearealisticwaytoimprovethecrystallinityofthecBNbyoptimizingthenucleation
andgrowthconditionsseparately.Inthispaper,wereportthedepositionofcBNfilmsbyDCjetplasmachemical
vapordepositionusingagasmixtureofAr-N2-BF3-H2.A two-stepprocessbychangingthebiasvoltageandgas
compositionwasdesigned.TheformationofcBNwasidentifiedbyglancing-anglex-raydiffraction(XRD)and
Fourier-transformedinfraredspectroscopy(FTIR).Thevariationof crystallinityandfilm structurewas
systematicallystudiedbyRamanspectroscopy,scanningelectronmicroscopy(SEM),andtransmissionelectron
microscopy(TEM).A criticalbiasvoltageforthegrowthofcBNfilmswasrevealed.In addition,theetching
behavioroffluorineanditsdependenceonthesubstratebiasvoltagewasstudied.

EXPERIMENTALDETAILS

ThedepositionofcBNfilmswasperformedina dcjetplasmaCVDreactorbyusingagasmixtuxeofAr-N2-
BF3-H2.Theexperimentalsetuphasbeendescribedelsewhere(ref.9). Pre-scratchedsiliconwafersof(001)
orientationwereusedassubstrates.Thedepositionprocesswasdividedintotwosteps.Theexperimentparameters
foreachsteparelistedinTable1.Inthefirststep,cBNfilmsweredepositedunderahighsubstratebiasvoltageand
ahighhydrogenconcentration.In thesecondstep,thehydrogenflowratewasdecreased,andthesubstrate
temperaturewasincreasedto 1150°Ctoincreasethecrystallinityandminimizetheresidualfilmstress.Aftereach
step,thephasepurityandthestructureofthefilmsampleswereanalyzed.

Table1 The experimental conditions for the two-step deposition process of cBN films by dc jet plasma CVD.

Step one Step two

Ar (slm) 20 20

N2 (slm) 1.5 1.5

BF3 (sccm) (10% in Ar) 30 30

H2 (sccm) 5 0~2

Substrate temperature (o C) 1000~1040 1150

Pressure (Tort) 50 50

Bias voltage (V) -85 +40 ~ -70

Duration (rain) 10~60 30~50

RESULTS AND DISCUSSION

During the deposition of cBN films in the Ar-N2-BF3-H2 gas system, the fluorine has been demonstrated to act

as an effective etchant that can preferentially etch the hBN phase. If an in-situ etching process by switching off

hydrogen and substrate bias is performed after the deposition, the deposited cBN films will be etched back, and the

phase purity and crystal quality of the cBN films will be improved (ref. 10). To distinguish the origin of the etching,

the in-situ etching was performed under the negative, zero and positive substrate biases after a thick cBN film was

deposited . The SEM cross-section morphologies of the films before and after etching were shown in Fig. 1. Fig. 1

(a) is the film deposited for 1 hour at the gas flow rates of 30 sccm for BF3 and 5 sccm for H2. The film thickness is

about 12 _tm. After the above deposition, the hydrogen flow rate was decreased to zero, and the substrate bias was

switched to zero [Fig. l(b)], 85 V [Fig. l(c)], and +40 V [Fig.1 (d)] for 30 min, respectively. Etching rates of 0.17

_lm/min for no substrate bias, 0.13 _tm/min for negative bias and 0.2 _xm/min for positive bias are obtained from Fig.

1. It can be seen that the etching rate is the highest for the positive bias and the lowest for the negative bias,

indicating that negatively charged fluorine ions might dominate the etching. The fact that the etching rate at zero

substrate bias is higher than that at negative bias suggests that the ion-bombardment induced sputtering by heavy

ions like argon and nitrogen does not contribute to the etching. This observation can also rule out the proposed

growth model of selective sputtering (refs. 11 to 12) in our process.

When hydrogen was added to the gas phase in the second step, both growth and etching occurred depending on

the bias voltage applied to the substrate. Fig. 2 (a) shows the SEM cross-sectional image of the cBN film deposited

for 10 min at the same condition for the sample as shown in Fig. 1 (a). The film thickness is measured to be about 3

_tm. Then hydrogen flow rate ,aas decreased to 2 sccm, and the depositions were performed for 50 min at the

substrate bias voltage of 70, -60, -50, -40, -30, -20 and 0 V, respectively. For the bias voltage of 70 and 60 V, a

further growth of the film was observed, and the growth rate for 70 V was higher than that for 60 V. Fig. 2(b)
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Fig. l. SEM cross-sectional morphologies of the films deposited for I hour (a), and after etching for 30 min at

the bias voltage of 0 V (b), -85 V (c), and +40 V (d). The hydrogen flow was switched off during the etching.
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Fig. 2. SEM cross-sectional morphologies of the films (a) deposited for 10 min at the bias voltage of-85 V
and the hydrogen flow rate of 5 sccm, (b), (c) and (d) after performing the second-step process at the

hydrogen flow rate of 2 sccm and the bias voltage of-70 V, -50 V and -40 V on the film as shown in (a),
respectively.
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showsthecross-sectionalimageofthefilmdepositedat 70V forthesecondstep.A thicknessofabout5_tmwas
obtainedafterthetwo-stepgrowth.Thismeansthatthefilmgrewforabout2 _tminthesecondstep.Whena
substratebiasof 50V wasappliedduringthesecondstep[Fig.2(c)],thefilmthicknessnearlykeptconstant,
demonstratingthatnofurthergrowthoccurredorthegrowthrateequalstoetchingrateduringthesecondstep.When
thebiasvoltageis lowerthan 50V, onlyetchingwasobservedin thesecondstep.TheSEMcross-sectional
morphologyofthefilmdepositedatthebiasvoltageof 40V forthesecondstepisshowninFig.2(d).Thefilm
wasetchedfrom3_xmbackto2_tmduringthisstep.

Toinvestigatethevariationofphasepurityandcrystalqualityaftereachstep,Ramanspectroscopywascarried
out.Fig.3showsthecorrespondingRamanspectraofthesamplesshowninFig.2.Forthesampledepositedbythe
firststep,twointensivepeakslocatedatabout1050.5and1302.7cm-1axeobserved,whichareassignedtoscattering
bythetransverse(TO)andlongitudinaloptical(IX))phononmodesofcBN.Thepeakpositionobservedhereagrees
wellwiththatobtainedfromcBNsinglecrystalssynthesizedbyhigh-pressure,hightemperature(HPHT)method

1

(1056 and 1304 cm- for the TO and LO phonon modes, respectively). The full-width at half maximum (FWHW) of
TO and LO phonon modes is measured to be about 25.6 and 18.3 cm-, respectively. The peak positions and FWHM

of the TO and LO modes of the cBN films deposited by the two-step process at different substrate bias voltage are

listed in Table 2. For the sample deposited at the substrate bias of 70 V, the FWHW of both TO and LO modes

decreases. It is known that, the line width and peak position of the peaks depend directly on the crystal size and

defect states in the film (ref. 13). Therefore, the decrease of FWHM demonstrates the improvement of crystallinity

of the film, i.e., increase of crystal size or decrease of defect states in the film. For bias voltage equal or below -50 V

where the films were actually etched back during the second step, the FWHM of both TO and LO modes also

decreased. In this case, the decrease of FWHM due to the increase of crystal size can be ruled out. The decrease of

FWHM should be due to the decrease of defective sites during etching.

"-7

=

Si 0 __J

F-- Z

I i I i I i I i I , I ,

900 1000 1100 1200 1300 1400 1500

Raman Shift (cm 1)

Fig. 3. Raman spectr a of the boron nitride films.
Spectra (a)-(d) correspond to the films shown in Fig. 2 (a)-(d) respectively.

In our previous report, a critical bias voltage was observed for the formation of cBN (ref. 10). Below this value,

only hBN can be deposited. The critical bias voltage decreases as the hydrogen flow rate decreases. Actually, this

critical value can be considered for the nucleation of cBN on hBN. In the present experiments, a critical bias voltage

for the growth of cBN after nucleation is also observed. The deposited cBN films are etched away when the bias

voltage is below this value. On the contrary, the cBN film can go on growing when the bias voltage is above this

value, and the crystallinity or crystal size are evidenced to be improved by Raman spectroscopy.
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Table 2 Peak position and AFWHM of both Raman TO and LO modes of the samples deposited under

different substrate bias at the second step.

Bias voltage a) Mode Peak Position AFWHM

(v) (cm-1) (cm-1)

One step TO 1050.5 25.6
IX) 1302.7 18.3

-70 TO 1054.4 22.0

IX) 1305.3 12.4

-50 TO 1053.1 24.6

IX) 1304.0 14.1

-40 TO 1051.8 22.7

IX) 1303.0 13.4

a) Substrate bias voltage applied during the second step.
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Fig. 4. Cross-secti onal TEM images of the films deposited at the substrate bias voltage of (a) -40 V and (b) -

70 V at the second step; (c) SAED pattern taken at the top the column shown in (b). The electron beam size of

about 1 I_m was used for the diffraction.

A columnmc growth behavior was normally observed by both SEM and TEM, and each column was confirmed

to be a single crystal with a vertical length almost equal to film thickness (ref. 14). To investigate the effects of bias

voltage and hydrogen concentration on the film structure, TEM was performed to study the variation of columns

deposited by the two-step process. Fig. 4 (a) and (b) shows the TEM cross-sectional images of the films deposited

by the two-step processes with bias voltages of _40 V and 70 V applied on the substrate during the second step,

respectively. For the bias voltage of 40 V, the columns extend slightly in lateral size from bottom to top, and the

average column lateral size at the film surface is about 200 nm. Compared with our TEM cross-sectional

observation of the film deposited by the first step, no obvious changes of the columnar lateral size can be observed.

For the bias voltage of 70 V, a stronger increase of the columnar lateral size can be observed from the height of

about 3 gm of the column (as indicated by the arrow). Compared with Fig. 2 (a) and (b), this position should

correspond to that the process changed to second step. The column ar lateral size at the film surface is over 1 gm, the

selective area electron diffraction (SAED) pattern taken at the top site of the column verify the nature of single

crystal of the column, which is believed the largest crystal size deposited from vapor phase so far. We also observed
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thecross-sectionalstructureofthefilmdepositedbyonestepatconstantbiasvoltageandhydrogenconcentration
[sampleasshowninFig.1(a)].Thecolumnlateralsizewasfoundtobeabout500nm,whichisalmostahalfofthe
sizeasthatshowninFig.4(b).Thisconfirmsthattheextraextensionofthecolumniscausedbythegrowthwith
decreasedbiasvoltageandhydrogenconcentration.

CONCLU_ONS

InthedepositionofcBNfilmsintheAr-N2-BF3-H2gassystem,thenegativelychargedfluorineionsdominantly
contributetotheetching.Thefactthattheetchingrateat2erosubstratebiasishigherthanthatatnegativebias
suggeststhattheion-bombardmentinducedsputteringbyheavyionslikeargonandnitrogenisnotoperativeinthe
process.A criticalbiasvoltageforthegrowthofcBNafternucleationispresented.ThedepositedcBNfilmsare
etchedawaywhenthebiasvoltageisbelowthisvalue.Onthecontrary,thecBNfilmcangoongrowingwhenthe
biasvoltageisabovethisvalue,andthecrystallinityorcrystalsizeareshowntoimproveasevidencedbyRaman
spectroscopyandTEMobservations.
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ABSTRACT

Cubic boron nitride (c-BN) thin films were grown by mass selected ion beam deposition (MSIBD). For the
nucleation of c-BN we find sharp threshold values of 125 eV for the ion energy and 150 °C for the substrate

temperature. The phase diagram for the nucleation by MSIBD significantly differs from that obtained by ion-beam

assisted deposition (IBAD). In addition, the initial nucleation parameters and the subsequent growth parameters
are not identical for both techniques; i.e. for MSIBD subsequent growth of c-BN takes place over a wider range of
deposition parameters. In order to remove contaminants as well as the sp R-bonded BN-surface layer, which always

covers c-BN films, we investigated the effects of dry etching with low energy fluorine ions as well as of sputter

cleaning with 1 keV argon ions to c-BN surfaces. The sputter cleaning process eliminates the contaminants, but
destroys the spg-bonded BN, whereas the results on dry etching are vice versa. These findings will be discussed in

respect to other surface processing techniques published.

Keywords: cubic boron nitride, ion beam deposition, surface treatment, growth model, etching.

INTRODUCTION

Regarding mechanical and electronic applications, cubic boron nitride (c- BN) may leave diamond far behind,

because it is chemically inert against iron and oxygen at high temperatures [ref. 1] and because it can be doped
p- and n-type [ref. 2]. So far, low-pressure synthesis of c-BN thin films is only possible with a variety of ion

assisted PVD and CVD techniques [ref. 3]. The microstructure of these films usually displays a three phase pro-

ression from the substrate to (i) an amorphous layer which contains a mixture of substrate, boron and nitrogen
atoms, (ii) a textured sp2-bonded boron nitride (t-BN) layer and (iii) a textured nanocrystalline (crystallite size: 5-

50 nm) c-BN layer [ref. 3]. Attempts to grow c-BN by chemical processes alone failed so far [refs. 3 and 4]. It is
therefore generally accepted that ion bombardment is necessary for c-BN nucleation and growth; i.e. without ion

irradiation, only h-BN can be formed.

In recent years many investigations have been made to determine the process parameters for the growth and
nucleation of c-BN, which will be reviewed [see also refs. 3, 5 and 6]. The second part of this paper introduces new

results concerning the processing of c-BN surfaces. These experiments were performed because the surface

preparation of c-BN or other substrates is crucial for the realization of direct and continued growth of c-BN.

NUCLEATION AND GROWTH OF c-BN

Several authors have studied the influence of different deposition parameters in ion-beam assisted deposition

(IBAD) on c-BN formation [refs. 7 to 10]. In IBAD of BN films, the growing film is bombarded with nitrogen ions
and additionally with noble gas ions like Ar. It was even stated that Ar ion bombardment is necessary to achieve

c-BN growth or at least enhances the growth significantly [ref. 10]. However, c-BN films have been obtained with

IBAD using solely N ion bombardment [ref. 7] or even neutralized energetic N atoms alone [ref. 11]. In a detailed
systematic study of IBAD deposited BN films by Kester et al. it was found that the h-BN/c-BN growth regime can

be described by the mean momentum transfer per deposited target atom, given in units of _/eV. a.m.u, as a

function of substrate temperature and the B:N arrival ratio [ref. 7]. This dependence is schematically shown in

Figure 1 (solid lines) for B:N 1. For momentum transfer values between 200 and 400 the cubic phase is formed,

whereas for values below 200 only h-BN is formed. Films grown with deposition conditions in between these
regions contain both phases. Above a value of 400 no film growth was observed due to completeresputtering of the

deposited material. The second important parameter is the substrate temperature. No c- BN growth is observed for

NASA/CP--2001-210948 571 August 6, 2001



temperaturesbelow150°C;whereas,filmsdepositedathighertemperaturescontainanincreasingcontentofthec-
BNphase.ArecentstudybyLitvinovandClarke[ref.12]showsthatc-BNfilmscanbegrownattemperaturesup
toover1000°C.WithIBAD,filmsareusuallygrownusingevaporatedboronatomsandadditionalionbomardent,
typicallywithamixtureofN2+,N+andAr+ions.IBADgrowthisthereforerathercomplexanddifferentprocesses
suchascondensationandthermaldesorption,implantationofions,recoilimplantationof atomsdepositedonthe
surfaceandsputteringhaveto beconsidered.Thec-BNgrowthregimeis thusa complexfunctionof three
parameters:substratetemperature,ionenergyandfluxratioofionstoneutral(boron)atoms[refs7and13].

Inpreviousstudieswecouldshowthatc-BNfilmscanbegrownsolelybythedirectdepositionofenergetic
boronandnitrogenionsusingmassselectedionbeamdeposition(MSIBD)[ref.14and15].In thiscase,the
depositionparameters,likeionenergy,ionfluxratioofdifferentionspeciesandthesubstratetemperaturearewell
definedandindependentlycontrollable[ref.16].Asopposedto IBAD,bothnitrogenandboronaredepositedas
singlychargedenergeticionsandnonoblegasorotherionsnorotherneutralatomsormoleculesareinvolved.
ThisrelativelysimpledepositionprocessmakesMSIBDtotheidealtooltostudytheinfluenceofthedeposition
parametersonc-BNgrowth,leadingto abetterunderstandingof thenucleationandgrowthmechanism.We
observec-BNformationaboverathersharpthresholdvaluesofTs 150°CandElon = 125 eV [ref. 15]. The c-BN

nucleation regime extends up to at least 2.5 keV ion energy. We included the MSIBD nucleation regime of c-BN in

Figure 1 (dotted lines). The most striking differences between our data and the published phase diagrams
describing IBAD boron nitride film growth are the following: With MSIBD

(i) the grown phase depends solely on two well-defined and independently adjustable deposition
parameters (ion energy and substrate temperature),

(ii) the thresholds for c-BN nucleation are sharp and no mixed h- BN/c-BN phase nucleation regime
exists,

(iii) growth of c-BN at high energies is not restricted by a resputter limit,

(iv) the observed threshold energy for nucleation is much lower [ref. 7 and 13].

Considering the complex growth mechanism in IBAD and particularly that IBAD growth takes place at conditions
close to the resputter limit due to the intense heavy ion bombardment, these differences are not surprising. The

corresponding phase diagrams are unavoidably influenced by sputtering processes.
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Figure 1. Comparison of the IBAD (solid lines, after ref. 10) and MSIBD (dashed area, after ref. 15)

h-BN/c-BN nucleation regimes as a function of the average moment transferred to the film atoms and of the
substrate temperature.

Experiments by Hahn et al. and more recently by Litvinov and Clarke show that the energy thresholds for

nucleation of c-BN on the one hand and for its growth on the other are not the same [ref. 12 and 17], which is in
good agreement with our results [ref. 18]. Once initiated, c-BN growth can be maintained at ion energies down to

about 60 eV. Furthermore, a study by McCarty et al. [ref. 19] demonstrates that, once nucleated, continued growth
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ofc-BNtakesplaceattemperaturesaslowas75°C.Evenroomtemperaturegrowthof c-BNhasbeenrecently
provenbyourgroup[ref.20].Therefore,c-BNgrowthisalmostindependentofthesubstratetemperature.

Thesubstratetemperatureof over150°Caswellastheionenergyabove125eVis thereforeonlyof
importanceforestablishingtheinitialboundaryconditionsnecessaryforc-BNnucleation.Theorientedtextured
t-BNintermediatelayer,whichis formedbytheaccompanyinghighcompressivestressduetotheiondeposition
process,providestheseboundaryconditionsforc-BNnucleation[ref.21].Therefore,c-BNnucleationwithno
intermediatelayershouldbepossibleonsuitablecrystallinesubstrateshavingagoodlatticematchandwhichdo
notundergoamorphizationunderionirradiation.Aluminumnitride(w-A1N)hassuchpropertiesandwerecently
provedthatdirectnucleationandgrowthofspg-bondedBN-phases(c-BNaswellasw-BN)takeplaceonw-A1N
[ref.22].Anothersuitablesubstrateis,ofcourse,c-BNitself;however,c-BNthinfilmsarealwayscoveredwitha
thinsp2-bondedBN-surfacelayeraftergrowthduetothenatureofthedepositionprocesswithenergeticparticles
[ref.5and23].Thethicknessofthissp2-bondedsurfacelayerisinthenm-rangeandcorrespondstothemeanion
range(i.e.penetrationdepth)oftheparticlescontributingtothegrowth.If suchafilmisexposedtoairorstored
underbadvacuumconditions(>10-6mbar)thesp2-bondedsurfacelayerrapidlytransformsintoa thicker
BOxCyNz-layerduetotheveryreactiveboron.A seamlessandcontinuedre-growthofthec-BNlayerisnotposible
withsuchasurfacelayerandthecompletenucleationprocesswithitst-BNintermediatelayerhastoberepeated
(ref.[24]).

SURFACEPROCESSING

In order to remove the sp2-bonded BN- or the BOxCyNz-surface layer suitable chemically reagents, sputter-

cleaning processes, or dry etching methods are necessary. Such a surface process should remove all contaminants
from the surface including the components of the media used, should not destroy the spg-bonding of the c-BN

structure underneath, and should retain the 1 :1 BN-surface stoichiometry. In this study, we investigated the effects

of dry etching with low energy fluorine ions (50 eV) as well as sputter-cleaning with 1 keV argon ions. The energy
of 1 keV was used due to the high sputter coefficient. We grew films by MSIBD using 500 eV B+- and N+-ions at
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Figure 2. Auger electron spectra of a c-BN film grown by MSIBD recorded (a) directly after growth, (b)

after exposure to air for one week, and (c) after 1 keV argon sputter cleaning. The right plot (d) shows the

plasmon energy as a function of primary electron energy measured with EELS on the same c-BN film
directly after deposition (closed symbols), and after the argon ion bombardment (open symbols).
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200 °C. These parameters are well within the c-BN nucleation region. Samples were taken out of the deposition

system, stored in air for a certain time (days to weeks), and transferred back into the UHV-system. The c-BN

samples were irradiated with fluorine ions or with argon ions perpendicular to the surface at pressures below 1.10 -s

mbar. After each irradiation dose, the samples were analyzed in-situ with Auger electron spectroscopy (AES) and

electron energy loss spectroscopy (EELS), without breaking the UHV-conditions.

Figure 2(a) shows an Auger spectrum recorded directly after the deposition of the c-BN film. Clearly visible

are the two Auger signals of stoichiometric B and N, respectively, but no features of C or O are present. Therefore,

the grown films are contamination-free. We performed also EELS on this sample with different primary electron

energies. In figure 2(d) the measured _ plasmon energy (closed symbols) is plotted as a function of the chosen

primary electron energy (PEE) and thereby as a function of the film depth. For 2 keV primary electron energy, we

obtain a plasmon energy of 30-32 eV. This high value can be associated with the presence of c-BN with its high

mass density at this depth. EELS-measurements with a PEE of 2 keV on h-BN result into values around 25 eV due

to the much lower mass density [ref. 5, 25, and 26]. For the c-BN film, figure 2(d) shows that the plasmon energy

drops under 25 eV for low primary electron energies down to 100 eV. This is due to the sp2-bonded surface region.

After exposure to air for one week, the sample was transferred back into the UHV-chamber and AES- as well as

EELS-measurements were repeated. The AES-spectrum, displayed in figure 2(b), demonstrates the presence of

high amounts of oxygen and carbon on the surface, and the plasmon energies (not shown) dropped by 0.5 eV for

high PEEs. This indicates that the c- BN film is covered with a low density BOxCvNz-layer, which is thicker than

the sp2-bonded BN-surface layer directly after growth. Figure 2(c) shows the AES-spectrum of the c-BN film

directly after bombardment with 1 keV Ar-ions with a dose of 1.1017 cm -2. It is evident that this procedure results

into a cleaning of the surface. The amounts of O and C have almost disappeared, but residual amounts of Ar could

be detected. However, the EELS-results show that the c-BN phase in the surface region has been destroyed by the

Ar-irradiation. The bulk plasmon energy measured with a PEE of 2 keV has only the h-BN value of 26,5 eV (see

open symbols in Figure 2(d)). Therefore, such a sputter-cleaning procedure is not suitable for uncovering the c-BN

surface. Significantly lower ion energies should be used; however, low sputter coefficients must be taken into

account in this case. Furthermore, nitrogen should be used instead of argon in order to maintain the cleanness and

stoichimetry of c-BN surface. A successful re-growth of c-BN using a mixture of low energy nitrogen and argon

ions as a sputter-cleaning tool has been recently published [ref. 27].

We performed the same experiment with low energy (50 eV) 19F+ ions instead of the argon sputtering, because
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Fignre 3. Anger electron spectra of a c-BN film grown by MSIBD recorded (a) directly after growth, (b)

after exposure to air for one hour, and (c) after 50 eV fluorine dry etch. The right plot (d) shows the

plasmon energy as a function of primary electron energy measured with EELS on the same c-BN film

directly after deposition (closed symbols), and after the fluorine dry etch (open symbols).
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recent studies suggest that halogen containing plasmas can efficiently etch III-V nitrides [ref. 28 and 29] and

because such low energy ions do not create significant damage. Figure 3(a) shows the AES-spectrum directly after
deposition, and figure 3(d) demonstrates that we started again with a c- BN film, which was covered with C- and O-

contaminants after the exposure to air. Comparing to the argon sputtering, the fluorine dry etch reduced the

amounts of O and C, but did not eliminate them. Furthermore, the fluorine signal appeared at 630 eV in the AES
spectrum, as shown in figure 3(c). On the other hand, the EELS-results (figure 3(d)) clearly prove that the

thickness of the sp2-bonded layer was significantly decreased after the fluorine surface processing and that the sp g-

bonding structure of the c-BN phase was not destroyed. However, a re-growth of c-BN on top of such prepared
surfaces has failed up to now, maybe due to the residual C- and O-contaminants.

Finally, we show that fluorine is indeed an effective caustic for boron nitride. We grew an about 2-3 nm thick
sp2-bonded BN-layer by the deposition of 0.01 C B+ and N+-ions. In the AES-spectrum, shown in figure 4(a),

signals of B, N, and the underlying Si are visible. Both boron and nitrogen signals completely disappeared with

increasing fluorine etching, as seen in figures 4(b-d). The BN-layer is removed after a total deposited charge of
0.05 C fluorine ions and only a fluorinated silicon surface remained. If we compare the deposited BN and F charge,

we can conclude that about 4-5 fluorine atoms are necessary to remove one BN unit. We suggest that during the
etching process the most stable and volatile BFg-compound is formed, whereas nitrogen disappears as N2-
molecules.

CONCLUSIONS

Cubic boron nitride (c-BN) thin films can be deposited with a variety of different methods and these films
contain c-BN with an amount of up to 90 %. Cubic boron nitride formation is only observed if the growing film is

bombarded with energetic ions or neutral atoms, and it is generally accepted that the impact of energetic ions is
crucial to achieve c-BN. The second important nucleation parameter is the substrate temperature. Both ion energy

and substrate temperature do strongly influence the nucleation but not the growth of c-BN. The substrate tempe-

rature of over 150 °C as well as the ion energy above 125 eV is only of importance for establishing the initial
boundary conditions necessary for c-BN nucleation. Therefore, c-BN nucleation with no intermediate layer should

be possible on suitable crystalline substrates having a good lattice match and which do not undergo amorphization
under ion irradiation. Direct nucleation and growth of sp 3-bonded BN-phases (c-BN as well as w-BN) take place
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Figure 4. Auger electron spectra of a BN film grown by MSIBD recorded (a) directly after growth, (b)
after 0.02 C, (c) after 0.035 C, and (d) after 0.05 C fluorine dry etch (50 eV).
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onw-A1N[ref.22].Ontheotherhand,c-BNthinfilmsarecoveredwithathinsp2-bondedBNsurfacelayerafter
depositionduetothenatureofthedepositionprocess,andafterexposuretoairc-BNfilmsarecoveredwithanlow
densityBOxCyNz-surfacelayer.Uncoveringc-BNsurfacesis ratherdifficultandweintroducedtwopossible
methodstoachievethisgoal.Thesputtercleaningprocesswith1keVargonionseliminatedthecontaminants,but
destroyedthespg-bondedBN;whereas,theresultsondryetchingwithlowenergyfluorineionswereviceversa.Up
tonow,there-growthofc-BNontopofc-BNwasonlyrealizedwithamixtureoflowenergynitrogenandargon
ions[ref.27].Onefurtheralternativehasrecentlybeenpublished,whichwewouldliketo mention:cleaningand
etchingcanalsoberealizedwithanexposureof c-BNfilmsto hydrogen-plasmas[refs.23,30to 32].No
experimentstowardsre-growthhavebeenconductedafterthisprocedure;however,c-BNsurfacesshowanegative
electronaffinity,whichmaybeduetotheH-covering.
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EXTENDED ABSTRACT

Field emission results from an on-going study of thin films of polycrystalline cubic boron nitride (cBN) are

presented. Cubic BN has a high thermal conductivity, dielectric breakdown strength, and perhaps the largest

bandgap of the III-V Nitrides. These properties make it an attractive material for use in high power and/or high

temperature electronic and optical devices. The physical similarities of cBN with Diamond in band gap type

(Indirect), resistivity, and the density. Provide further encouragement to investigate the potential of the cubic boron

nitride thin film as, among other things, a field emitter. Samples under study have been synthesized using the

reduced-bias ion-assisted sputtering technique (ref. 1), which enables the growth of 100% cubic phase up to 2gm in

thickness.

For thin film deposition, a custom designed ultra high vacuum chamber, with an in-situ reflection high energy

electron diffraction system for analysis of the film structure, is utilized. Substrates are introduced into the system

individually, through a turbo-pumped load-lock chamber, which typically reaches pressures of - 1 x 10 -7 Torr before

the substrate is transferred to the adjacent UHV growth chamber. The growth chamber is cryo-pumped and can

10 -1°achieve a base pressure of 9 x after bakeout. The UHV environment allows for the thermal desorption of any

silicon substrate oxide prior to growth, and also ensures a clean environment for film deposition.The reactive

sputtering of a hexagonal BN target of 99.99% purity performed using a UHV 2-inch planar RF magnetron source

mounted in a source-up configuration on the base flange assembly supplies source material for the growth of the

cubic thin films. RF power at 13.56 MHz is supplied to the sputtering source. A high field Neodymium Iron Boride

magnet provides additional electron confinement to enable source operation at pressures down to -8 xl0 -4 Torr in

an Argon/Nitrogen gas environment. A Tectra Ion Plasma source is also mounted on another port of the base flange,

at an optimal angle and distance from the substrate to immerse it in the Nitrogen plasma it generates while being well

removed from the plasma confinement region. This additional source of Nitrogen ions to the growth environment

helps to maintain the proper stoichiometry of boron and nitrogen for optimum cBN formation. In addition, the

substrate is resistively heated up to 1100 °C, and a negative DC potential of 100 V is applied to the substrate to

optimize the incident energy of the ions.cBN films grown by this technique have been shown to exhibit a (100) out-

of-plane texture (ref. 2), which differs from that of cubic boron nitride films grown using other techniques (refs. 3 to

5). Various substrates have been utilized for this experiment: Si (100), etched polysilicon, and Si nanotip field

emitter arrays. Reflection High Energy Electron Diffraction (RHEED) was used to characterize the surface

morphology of the deposited films in situ; RHEED analysis of the films grown is performed using a Vieetech 30 keV

electron gun and a phosphor screen. A CCD detection and analysis system (k-Space Associates, Model KSA 300) is

used for diffraction pattern image acquisition and analysis. The image is created on the phosphor as the electron

beam is incident along a high symmetry direction of the crystal surface, creating a diffraction maxima at a position

on the phosphor which satisfies the Laue diffraction condition. Typical information which can be obtained includes

the orientation of the crystal, or a selected grain of a mosaic crystal, the crystal structure and the morphology of the

sample surface. Generally speaking, angular spread (or rings) in the diffraction pattern corresponds to IN-PLANE

variations of the crystal, which are typically observed with a polycrystalline thin film surface. Radial extent of the

diffraction maxima generally correspond to out-of-plane variations in the crystal structure of the surfaceScanning

Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) data of the cBN thin films were obtained outside

the growth environment. With the use of a Digital Instruments Nanoscope Atomic Force Microscope in contact

mode, we obtained a Mean Roughness of 5.435 nm over an area of l_m 2, at a Height Scale of 144.4 nm. The aspect

ratios of the features would indicate significant field enhancement for Field Emission Measurements done on these

types of films.
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FourierTransformInfraredSpectroscopy(FTIR)providedcrystalphaseandcompositioninformationof the
boronnitridefilms,withthehighintensitypeakcorrespondingtothecubicBNzonecenterTOphononabsorption,
typicalofthetetrahedralsp 3 bonding of the cubic zinc-blende structure, being observed. A Nicolet Magna 550

Series II spectrometer was employed in the acquisition of the FTIR data, which uses interferometry as opposed to the

conventional dispersive spectrometer technique. The spectrometer was configured for mid-IR operation, with a

deuterated tri-glycerine sulphate detector, and a KBr beam splitter. Background spectra was collected using a bare

subsection of the Si substrate on which the film was grown. In this manner, the effects of the silicon substrate can be

removed from the sample spectra. Both background and sample spectra were collected using a 0.06cm -1 resolution

over the spectral region of 400 cm -1 to 4000 cm -1. 1000 scans were typically averaged to obtain the final spectrum.

Samples were mounted on a 2-Circle rotation stage so that measurements may be be performed at oft-normal

incidence. The spectrometer was purged continuously with dry nitrogen to remove water and carbon dioxide

absorption from the spectra.The field emission of the BN films grown on the different substrates was examined using

a customized parallel plate configuration at pressures of 10 .8 Torr or lower. Preliminary data of the films grown on

Si (100) substrates suggests a low emission threshold of -2.75 V/_m, with a current of-10 _A at -3.5V/_m.
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ABSTRACT

Cubic boron nitride thin films were grown on Si substrate using r.f. plasma CVD thermally assisted by a tungsten

filament. The films obtained were characterized by scanning electron microscopy, Infrared absorption spectra and

electron energy loss spectroscopy. P-type semiconducting c-BN films were obtained by introducing Be powder into the

deposition chamber. The rectifying properties of W/p-type c-BN films were observed in the 200-580 °C range. The

experimental results have shown that the diode characteristics of c-BN films strongly depended on the deposition

conditions such as filament temperature. This is due to the content of c-BN in the films was changed with the variation

of the filament temperature.

Keywords: c-BN films; Semiconducting properties; Plasma CVD; Mobility, Rectifying properties

INTRODUCTION

Cubic boron nitride (c-BN) is similar to diamond with outstanding physical and chemical properties. The special

advantages of c-BN are its inertness, even at a high temperature, which can be used for ferrous metal working tools and

other wear applications. In contrast, these are not ideal for diamond (1-4). Experimental studies showed that there are

possibilities of p-and n-type doping (5). There are many potential applications including protective coatings, coated tools,

optical windows, heat sinks, and high temperature electronic devices. C-BN can be prepared by various chemical and

physical vapor deposition, such as ion-beam-assisted physical vapor deposition, r.f sputtering, activated reactive

evaporation, MW plasma CVD, ECR plasma chemical vapor deposition, ion-induced CVD, r.f plasma CVD, inductively

coupled plasma and d.c plasma CVD . But, to date, the application of c-BN films in the electronic industry has made

slow progress. This is due to that there are a lot of defects and grain boundaries in the c-BN films, resulting in low

carrier mobility (6).

In this paper, the microstructure and semiconducting properties of c-BN films were investigated by infrared

absorption spectra, electron energy loss spectra. The experimental results showed that the microstructure of c-BN films

has a considerable effect on its semiconducting properties.

EXPERIMENTAL DETAILS

The c-BN films were grown by r. f. plasma CVD thermally assisted by a tungsten filament (7). The deposition

system consisted of two main parts, i. e. plasma chamber and a substrate-heating chamber with a tungsten filament set

above the substrate. Be material was put in a ceramic boat in the plasma chamber for p-type doping. The chamber was

evacuated to a pressure of lxl0-3pa by the diffusion pump system. B_H_ and NH3 diluted with H2 were used as reactive

gases. Their concentration in hydrogen was 1%, and B_H_ to NH3 ratio was 1:3. Substrate material was P-type Si ( 100 )

with the resistivity of 0.01_-cm. The reactive gases were injected into the chamber when the filament and substrate

temperatures were 2200°C and 800°C, respectively. The gases were excited into the plasma state by r. f induction of

13.65 MHz and 100-200W. The gas flow was 100 sccm. The excited plasma was further thermally activated by the

heating of the tungsten filament, and beryllium materials were evaporated by heating. The Be-doped c-BN films were

deposited on the silicon substrate. The growth time was lh, and the film thickness was about 5500A.

The c-BN films obtained were characterized by scanning electron microscopy, infrared absorption spectra and
electrical measurements.

RESULTS AND DISCUSSION

Figure 1 shows SEM image of c-BN containing films. As can be seen, there is not a flat surface on the films, which

exhibit a cauliflower structure. The films consisted of fine grain with disorder form. The morphologies of the films were

changed little with Be doped concentration in our observed ranges. This may be ascribed to the low resolution of our

scanning electron microscopy. It was found by AES analysis that the predominant composition in the films is boron and
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nitrogen.Therearealsolittlepuritiessuchascarbonandoxygennearthefilmsurface.ThemeasurementbySIMS
showedthatthepuritycontentinthefilmsislowerthan0.1ppm.

Figure2showstheinfraredabsorptionspectraofBNfilmsdepositedatdifferentfilamenttemperaturesrangedfrom
1500to2200°C.Ther.f.powerandgaspressurewerekeptat150Wand70Pa,respectively.Thec-BNandh-BNhave
strongabsorptionbandsat1080cm1and1380cm1(c-plane)respectively.TheIRabsorptionintensitywaschangedwith
thefilamenttemperature.Thec-BNcontentinthefilmswasrapidlyincreasedwithincreasingfilamenttemperature.This
isduetovariouschemicalspeciesintheplasma,whichwerepromotedtodissociatethemintoatomichydrogenand
hydroboron(hydro-nitride)radicalsathightemperature,andenhancingchemicalreactiontoformc-BNcontainingfilms
onthesubstratesurface.Ingeneral,atomichydrogenplaysasignificantroleduringthegrowthprocessofc-BNfilms.
TheexperimentalstudiesshowedthattheatomichydrogenwasetchingpreferentiallythehexagonalBN.
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Figure 1. SEM image of c-BN films Figure 2.The infrared absorption spectra of BN

films at different filament temperatures

Be doped c-BN films were obtained by introducing Be

powder in the CVD deposition chamber. During the growth

process, Be was etched by hydrogen plasma to form Be

hydrides. The Be hydrides entered the plasma, and Be was

incorporated into the c-BN films. The doping level in the

films was about 17-120 ppm measured by secondary ion

mass spectroscopy (SIMS).Hall effect measurement yields

carrier-type concentration and mobility. The experimental

results indicated that the Hall mobility in Be doped samples

was decreased with increasing carrier concentration as

shown in Fig.3. The Hall mobility with the carrier
concentration of 4x1018 cm 3 was 215 cm2v is 1 at room

temperature. From Fig.3, it can be seen that the p-type

semiconduting c-BN films could be achieved by beryllium

doping.

The diode characteristic of c-BN containing films was

investigated. Schottky diodes were formed by depositing

aluminum or tungsten on c-BN films through a shadow

mask. The contact area was about 0.85mm 2. The rectifying

proper ties of W/p-type c-BN films were observed in the

200-580°C range. The low level of leakage current was
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Figure 3. The Hall mobility in Be doped c-BN
films as a function of carrier concentration

observed for the reverse biases up to 100V as shown in Fig.4. The actual breakdown voltage exceeded 120V at room

temperature, and 90-110V at 170°C. The activation energy was about 0.7eV according to Arrhenius law for the increase

of the reverse current with temperature.
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Fig.5 shows the changes of the diode characteristics of c-BN films with the filament temperature. The leakage current

of the diode was increased with decreasing filament temperature. This is owing to the structure of c-BN films which

changed with the filament temperature. Figure 6 shows IR absorption intensity ratio as a function of the filament

temperature. The IR absorption intensity ratio is intensity ratio ICON (1080cml) / Ih BY
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(1380cm1).All depositionconditionsremainedunchangedexceptthefilamenttemperature.It is apparentthatthe
contentofh-BNwasincreasedwithdecreasingfilamenttemperature.Figure7representstheelectronenergylossspectra
(EELS)ofc-BNfilmsatdifferentfilamenttemperatures.ThetestsamplesarethesameasthatinFig.6.The_z*peakis
characteristicsofh-BNinFig.7.The_z*characteristicpeakofh-BNbecameverystrongwithdecreasingthefilament
temperature.

CONCLUSION

Wehaveinvestigatedthesemiconductingpropertiesofc-BNfilms.Thesefilmsweregrownbyr.fplasmaCVD
thermallyassistedusingatungstenfilament.P-typefilmswereachievedbyintroducingBepowderintothedeposition
chamber.Schottkydiodeswereformedbydepositingaluminumortungstenonc-BNfilmsthroughashadowmask.The
lowlevelofleakagecurrentwasobservedforthereversebiasesupto100VTherectifyingpropertiesofW/p-typec-BN
filmswereobservedinthe200-580°Crange.Theexperimentalresultshowedthattheeffectofthedepositionconditions
onthesemicondutingpropertiesofc-BNfilmsisconsiderable.Toachievepracticalapplicationsinelectronicdevices,it
isnecessarytogrowhighqualityc-BNfilms.
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ABSTRACT

Cutting tools made from the cubic Boron Nitride (cBN)-ceramics or metal composites are being widely used for

cutting hardened steels and others. It is expected that products containing higher volume fraction of cBN will show

better cutting performance. In this regard, polycrystalline cBN solids (PCBN) with no additives have been developed

by many techniques, but their cutting performance is not well evaluated yet. In this study, effects of cBN contents for

cutting performance of PCBN's were examined by comparing the cutting performance of chips made from PCBN's

with those of chips made from conventional cBN-ceramics or metal compacts. Wear resistance is proportionally

related to the cBN content of tool material for cutting gray cast iron (FC300, cutting velocity Vc=20m/s), Co based

alloy (Stelite No.6, Vc=0.83m/s) and Ni based alloy (Inconel 718, Vc=l.67m/s). PCBN shows excellent

performance in cutting gray cast iron (FC300, Vc=20m/s), Co based alloy (Stelite No.6, Vc=0.83m/s) and Ni based

alloy (Inconel 718, Vc= 1.67m/s). On the other hand, PCBN has inferior performance to the conventional cBN

composite in cutting hardened steel (SCM415).

Keywords: cBN, property, cutting, super-alloy, cast-iron.

INTRODUCTION

The cubic Boron Nitride (cBN) is the second hardest material next to the diamond, and possesses many

excellent physical and chemical properties similar to those of the diamond. The cBN-ceramics or metal composites

produced under pressures form about 4 to 6GPa and at temperatures from around 1300 to 1800K have superior

mechanical properties, and cutting tools made from them are being widely used for cutting hardened steels, cast iron

and others. In order to improve cutting performance of cBN's tool tips, tips made from products of different cBN

contents, and different crystalline grain sizes, and different kinds of binders are being produced by several

manufactures. Mechanical properties of cBN are better than those of binder phases. Therefore, it is expected that

products containing higher volume fraction of cBN will show better cutting performance. In this regard,

polycrystalline cBN solids with no additives have been developed by many techniques (ref. 1 to 4), and some of their

cutting performances were evaluated (ref. 5 to 6). But effects of cBN contents for cutting performance are not

obvious. Recently we have developed a manufacturing technique of polycrystalline cBN with no additives (hereafter

PCBN) in a disk form. In this process, disks of pBN (stable form at ambient temperature) were processed under high

pressures and at high temperatures. The starting pBN used was prepared by the chemical vapor deposition (CVD)

method. In this study, effects of cBN contents for cutting performance of PCBN's were examined by comparing the

cutting performance of chips made from PCBN's with those of chips made from conventional cBN-ceramics or metal

compacts.

EXPERIMENTAL PROCEDURE

PCBN were prepared under a pressure of 6.8GPa and at temperatures of 2073K, 2373K, 2573K and 2773K

respectively, and the heat-treatment time was 1800s. The thickness of starting disks was 1.5mm, and the high-

pressure press used in this study was developed by NIRIM (National Institute for Research in Inorganic Materials).

After the production of disks, their upper and lower surface were ground by a diamond grind wheel (#400), and then

rapped by a diamond paste of particle size below 2,um. Compositions of all samples were analyzed by a X-ray

diffract meter (XRD), and their fractured surface and rapped surface were etched by a molten NaOH for 60s and

these surface were examined by a scanning electronic microscope (SEM) and a transmission electron microscope
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(TEM)respectively,andtheirVickershardnesswasalsomeasured.ThesynthesisconditionofPCBNsuitablefor
cuttingtestwasdeterminedfromtheseresults.

PCBN,85vol%cBN-metalcomposite,60vol%cBN-ceramicscompositeand50vol%cBN-ceramicscomposite
wereevaluatedfortheircuttingperformance.AndthenVickershardness(load--19.6N),thermalconductivityand
fracturetoughnessweremeasured.FracturetoughnesswasmeasuredbytheIndentation-Fracturemethod(load--49N).
Afterthesemeasurements,sampleswereheatedinvacuumattemperaturesof1073K,1273K,1473Kand1673Kfor
1800s.Afterheattreatments,Vickershardnesswasmeasuredagain(load=9.8N).

Cobasedalloy(SteliteNo.6),Nibasedalloy(Inconel718),andgraycastiron(FC300)andhardenedsteel
(SCM415,HRc=61)wereusedasworkpieces.ThecompositionsofworkpieceweregiveninTable1.Andthe
cuttingconditionwasgiveninTable2.Thewearresistancewasdeterminedbasedonthewidthofwearoftheflank
face.

Table1. The compositions of work piece (wt%).

Co Cr W C

Co based alloy

Bal 28 4 1

Ni Fe Ti Mo A1 Nb+Ta

Ni based alloy

Bal 19 0.9 3 0.5 5.1

Hardened steel

Fe Cr Mo C

Bal 0.9 to 1.2 0.15 to 0.3 0.13 to 0.18

Si Mn P

0.15 to 0.35 0.6 to 0.85 0.03<

Cast iron

Table 2. The cutting condition.

Cutting velocity (Vc) Cutting depth (ap) Feed rate (f) Coolant

(m/s) (mm) (mm/rev.)

Cast iron 10 and 20 0.1 0.1 DRY

Co based alloy 0.83 and 3.33 0.15 0.05 WET

Ni based alloy 1.67 and 3.33 0.1 and 0.3 0.12 WET

Hardened steel 0.33 to 3.33 0.1 0.1 DRY

Fe based and other compositions are not determined. Grade of iron is determined as

tensile strength by JIS. Tensile strength of FC300 is equal or greater than 300 N/mm 2.

RESULTS AND DISCUSSION

SOME PROPARTIES OF PCBN

A diffraction peak due to the compressed BN (a type of BN phase trapped in PCBN under a high pressure (ref.

2)) was found in the sample prepared at pressure of 6.8GPa and at temperature of 2073K. Above 2373K, only the

cBN phase alone was produced. The SEM observation showed that the sample prepared at 2373K is a unique phase,

i.e., the grain size is below 1/_m. In the sample prepared at 2573K, a partial grain growth was seen, and grains grow

remarkably at 2753K. The TEM observation showed that twinned grains were produced as grains grew. Few defects

were seen before the grain growth, but some defects were also induced in cBN grains after the grain growth. Vickers

hardness of this sample is 52GPa (reduction from 60GPa). Based on the results above, the sample prepared at 2373K

was selected for cutting tests.
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Figure 1. Vickers hardness of PCBN and conventional cBN composites after heat treatment in vacuum: (Q)

PCBN; (I) BN-H; (0) BN-M; (&) BN-L.

Some properties of PCBN were compared with those of the conventional cBN composite (Table 3). PCBN has

the highest hardness, the highest fracture toughness and the highest thermal conductivity among all samples. In this

study, a sample having higher volume content of cBN possessed higher hardness and larger fracture toughness. After

the heat treatment in vacuum at 1673K, hardness of PCBN remained almost the same as before the heat treatment.

On the other hand, hardness of conventional cBN composites was reduced after the treatment at 1673K (Figure 1).

Table 3. Properties of PCBN and conventional cBN composites.

CBN content (vol%)

Binder phase

PCBN

100

BN-H

85

Co

BN-M

60

TiC

BN-L

50

TiN

Vickers hardness (GPa) 60 40 32 28

Fracture toughness (MPa. m 1/2) 6.82 6.79 5.59 4.93

CUTTING PERFORMNCE OF PCBN

Wear resistance in cutting the gray cast iron was almost same for all sample chips tested at the cutting velocity

(Vc) of 10m/s. At the Vc of 20m/s, difference of flank wear became larger in the chips, and the sample chips having

higher content of cBN showed better wear resistance (Figure 2). PCBN possessed the best wear resistance. In cutting

Co based alloy at the Vc of 0.83m/s, chips of higher cBN content showed better wear resistance, and PCBN

possessed the best wear resistance. At Vc of 3.33m/s, BN-M showed the best wear resistance (Figure 3). In cutting

Ni based alloy at theVc of 1.67m/s, chips of higher cBN content showed better wear resistance, and this result is the
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same as for Co based alloy. PCBN possessed the best wear resistance. At Vc of 3.33m/s, BN-L had the best wear
resistance (Figure 4). In cutting hardened steel, wear resistance of PCBN was lower than that of the conventional
composite at all cutting velocities (Figure 5).
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Figure 2. Flank wear in cutting of cast iron.
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Figure 3. Flank wear in cutting of Co based alloy: (0) PCBN; (•) BN-H; (0) BN-M.
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Basedontheresultsabove,it isthoughtthatthemechanicalpropertyofthetooledge,thethermalstabilityand
theaffinitytoworkpiecesdeterminethecuttingperformance.It isalsothoughtthatthecontentofcBNinatool
materialisthemosteffectiveforimprovementofthemechanicalpropertyofthetooledgesincecBNhasbetter
mechanicalpropertythanthebinderphase.IncuttinggraycastironatVcof20m/s,wearresistanceisproportionally
relatedtothecBNcontentintoolmaterials.Theseresultsindicatethatthemechanicalpropertyofthetooledgemay
bethemostimportantfactorforwearresistance.Theforceaddedonthetooledgebecomeslargerasthecutting
velocityisincreased.IncuttingCobasedalloysandNibasedalloys,thewearresistanceisproportionallyrelatedto
thecBNcontentatlowervelocity,butthewearresistanceathighervelocitydoesnotdependonthecBNcontentin
thetoolmaterials.Thetemperatureofthetooledgeduringcuttingmayincreaseinproportionwithhardnessofwork
piece.If theincreaseoftemperatureofthetooledgeisrelatedwithhardnessofworkpiece,thetooltemperaturewill
bethehighestincuttinghardenedsteelandit willbethelowestincuttingcastironinthisstudy.Basedonthis
assumption,temperatureriseoftooledgeincuttingCoandNialloywillbehigherthanthatofcuttingcastiron.In
thisregard,theaffinityofthetoolmaterialstoworkpiecesmaybemoreimportantthanthemechanicalpropertyof
tooledgeforthetoollife.Incuttinghardenedsteel,it isthoughtthatthetemperatureriseisthehighestinthisstudy.
Affinityoftoolmaterialstoworkpieceisthoughtasamainfactorfordeterminingtheperformanceofcutting
hardenedsteelevenatlowestcuttingvelocity.

CONCLUSION

1. WearresistanceisproportionallyrelatedtothecBNcontentoftoolmaterialforcuttinggraycastiron
(FC300,Vc=20m/s),Cobasedalloy(SteliteNo.6,Vc=0.83m/s)andNibasedalloy(Inconel718,
Vc=l.67m/s).

2. PCBNshowsexcellentperformanceincuttinggraycastiron(FC300,Vc=20m/s),Cobasedalloy(Stelite
No.6,Vc=0.83m/s)andNibasedalloy(Inconel718,Vc=l.67m/s).

3. PCBNhasinferiorperformancetotheconventionalcBNcompositeincuttinghardenedsteel(SCM415).
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Cubic boron nitride (cBN), known as the second hardest material, has good thermal

stability and chemical inertness for machining ferrous alloys. Such coating, unlike PCBN

bits, on cemented carbide substrates provides the hardness and chemical resistance of

cBN in combination with the toughness of cemented carbide body. Most research groups

working on cBN deposition employ either high-energy plasma or ion bombardment for

the stabilization of the cubic phase. These methods, however, offer the following

challenges in the growth process: (1) excess compressive stress, (2) non-homogeneous

phase synthesis, (3) limited stoichiometry control, (4) inadequate adhesion With substrate,

and (5) phase stabilization on different substrates. These issues are amplified when

considering manufacturing on large scale. One of the important alternatives is to develop

cBN films in combination with other materials to resolve the phase stability and intrinsic

stress issues. The result will be composite films with physical properties dependent on

the material makeup of the system. In a novel successful approach reported here, instead

of attempting to grow cBN from the vapor phase, sub-micron size cBN powder particles

are applied as a conformal coating. Then porous cBN particle matrix is infiltrated using

TiN to synthesize composite coating. We have observed excellent cBN-to-TiN and

coating-to-carbide substrate adhesion, and outstanding machining results.
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ABSTRACT

During past decade's cubic boron nitride (cBN) and wurtzite boron nitride (wBN) have received considerable

attention. These dense modifications of boron nitride possess hardness approaching to diamond and thermal stability

better than that of diamond. They are chemically inert and do not react with iron. Superhard materials made on their

base found wide application in many areas of metal cutting operations.

The compacts sintered from cBN or wBN powder have a polycrystalline composite structure either of cBN or

cBN plus wBN. In final industrial form they also have high fracture toughness. The cutting tools made of this

material show better service life in interrupted cutting of cast irons and hardened steels.

It is essential to have a proper understanding of this class of superhard material in order to realize its full

potential not only in cutting applications but due to their unique physical properties, also in electronics.

The present paper shows a comparative analysis on modern methods of producing superhard composites based

on cubic boron nitride and wurtzide-like boron nitride. Wide gaining of these materials will help to find for them

various fields of application.

Key Words: high pressure, cubic boron nitride, wurtzite boron nitride.

INTRODUCTION

During past decade's cubic boron nitride (cBN) and wurtzite boron nitride (wBC) have received considerable

attention. These dense modifications of boron nitride possess hardness approaching to diamond and thermal stability

better than that of diamond. They are chemically inert and do not react with iron. Superhard materials made on their

base found wide application in many areas of metal cutting operations.

The compacts sintered from cBN or wBN powder have a polycrystalline composite structure either of cBN or

cBN plus wBN. At last case they have high fracture toughness. The cutting tools made of this material show better

service life in interrupted cutting of cast irons and hardened steels.

It is essential to have a proper understanding of this potential not only in cutting applications, but due to their

unique physical properties also in electronics.

BORON NITRIDE AND ITS MODITICATION: CRISTAL CHEMISTRY CHARACTERISTIES

Boron nitride exists in hexagonal graphite-like form (gBN), hexagonal wurtzite-like form and cubic zinc blend

form or cubic nitride form. Under ambient conditions gBN is a stable phase and wBN and cBN are the metastable

phases. The crystal chemical characteristics of various phases of boron nitride are given in table 1.
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Table 1. Crystal chemical characteristics of different modifications of boron nitride (ref.1)

Coordination Lattice Parameter Density
Modification N ° atoms/unit cell

number " "a , nm c, nm g/cm 3

gBn 3 4 0.2504 0.661 0.29

wBN 4 4 0.2550 0.423 3.50

cBN 4 8 0.3615 ..... 3.51

METHODS OF SYNTESIS OF cBN POLYCRYSTALS

Known processes can be generally classified in four categories:

a) Catalytic conversion process, one-step process in which the catalyst, metal or alloy, aids in the transition of

gBN to cBN simultaneously with the formation of the compact.

b) Bonding medium process, two-step process in which the first step comprises the conversion of gBN to cBN

and the second one comprises the formation of the compact from cleaned cBN crystals mixed with the metal

alloy which aids in the bonding of the cBN to the compact.

c) Direct sintering processes, a two-step process which is the same as the process (b) except that compact is

formed without addition of metal or alloy to aid in bonding cBN crystals.

d) Direct conversion process, one-step process in which substantially pure gBN is directly transformed to a

cBN compact without the aid of the catalyst and/or bonding medium.

Hard phase BN compacts are of two general types: cluster compact and composite compact.

A cluster compact is defined as a cluster of abrasive crystals bonded together either in a self-bonded relationship

(1) or by means of some combination of between the crystal (2) or by means of some combination of (1) and (2). For

example, Borason (ref.2), Elbor-R (ref.3), Belbor (ref.4), Hexanite-R (ref.5), Amborit (ref.6), Kiborit (ref.7) and

others are those cluster compacts.

A composite compact is defined as a cluster compact bonded to the substrate material, such as cemented

tungsten carbide or cemented titanium carbide. The examples of such composite compacts are Compax BZN (ref.8),

DB 50 (ref.9), Sumiboron (ref. 10), Wurzin (ref. 11), BPK (ref. 12), Composit 10D (ref. 14) and others.

The catalytic and bonding medium processes are generally disadvantageous because catalyst and bonding
medium are lower in hardness than cBN and retention in the resultant mass reduce the hardness and abrasive

resistance of the masses.

The direct conversion process, which is theoretically and practically possible, has been found to have high losses

in practice because it is difficult to achieve consistently the sufficient number of crystal to crystal bonds distributed

uniformly within the compact. Without this, the strength and density of the compact are less than it is necessary. And

the no less so significant progress in this direction was reached.

The considerable amount of high pressure sintering of cBN in presence of various solvent catalysts has been

done at the General Electric Company, and then at the De Beers Company. Many different composites were created

in the old USSR. The most famous composites, which were created in "J.E." and De Beers are Borazon and

Amborite. Aluminum has proved to very effective solvent-catalyst for manufacturing of cBN composites. The

residual binder phases in the Borason and Amborite range of products are aluminum nitride and aluminum diboride.

The sintering of these composites is done over a pressure range 5-7 GPa, at temperature range 1500-1200 ° C.

Polycrystalline cBN, tool blanks consist of the layer 0.5-0.7mm of cBN crystals bonded to one another on a

cemented carbide substrate. This composite structure is achieved through high temperature high pressure process,

resulting in an extremely high wear and impact resistant product with very consistent physical properties from blank

to blank. As the cobalt in the WC-Co cemented carbide substrate melts at high pressure-high temperature process,

begins to infiltrate the voids in the compact present in cBN, thus completing the cementation process within the

existing cBN crystals.

Physical properties of hard and superhard materials are presented in table 2.
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Table 2. Physical properties of hard and superhard materials

Property

Density, 10 kg/m 3

WC+Co

ISO

(ref. 9)

14.7

Syndite

PCD25

(ref. 6)

3.86

Amborit

PCBN

(ref. 6)

3.42

Kiborit

PSBN

(ref. 12, 13)

3.4

Composite

05 PCBN

(ref. 14)

4.3

Compressive strength, GPa 4.5 7.61 2.73 2.9 2.3

Bending Strength, GPa Fracture 2.7 1.19 0.57 --- 0.47

Toughness, MPa m 10.8 8.89 6.30 105 6.7

Knoop hardness, GPa 13 50 32 36 18.8

Young' s modulus, GPa 620 810 680 880 620

Poisson's ratio, GPa 0.21 0.07 0.22 0.16 0.16

CTE, 10 K 5.4 4.6 4.9 ......

Thermal conductivity, w/m.k 100 560 100 100 ---

DIRECT CONVERSIONS gBN - cBN AND gBN - wBN

The direct conversion under static pressure condition of gBN to more dense wBN and CBN phases at pressure of

10 GPa and above described in details by Bandy and Wentorf (ref.5). More recently, numerous reports and patents

have been concerning the direct conversion of gBN to cBN cluster compacts under pressure below 10.0 GPa. In the

works of N.N. Sirota and A.M. Mazurenko (ref.4, 16) it was claimed that superhard material, which might be

synthesized under pressure of 6.0 GPa and higher over the temperature range from 1800°C to 3000°C. Practically at

the same time the works of the Japanese scientists were published (ref.7). In the publication (ref.8) report direct

conversion occurs under pressure more than 5.0 GPa (preferably 6.0 GPa and above) and sintering temperature more

than ll00°C. The material, created by technology (ref.4) received Belbor name and now is wide known in the

industry.

Publication (ref.19) reports a pyrolitic boron nitride (pBN) as the starting material for the synthesis of cBN

cluster compacts in a direct conversion process practiced under pressure of 6.9 GPa and at temperature between 1800

and 1900°C. The resulted product was characterized as the soft mass having large amount of unconverted gBN.

Publication (ref.17, 18) also reports the synthesis of wBN and cBN. There were no reported results of the

successful formation of either wBN or cBN. And only the publication (ref.20) on F.R. Corrigan reported the results

of the successful formation of cBN cluster composite in a direct conversion pBN_BN process under pressure and

temperature between 2190°C and 2400°C without a trace of gBN. Thermal conductivity of this material was equal to

470-700 w/m k (at 100°C) F.P.Corrigan proposed to use this cluster composite as a heat sink. This result was

confirmed later in (ref.21) where thermal conductivity was found to be equal to 200-575 w/m .k.

The direct conversion process of gBN to wBN by dynamical method was fixed for the first time at the end of the

60 Th. (ref.22). Further on this process was examined rather good and at present time is considered to be finally fixed

and that it goes on by martensitic mechanism (ref.23).

COMPOSITES ON BASE OF wBN

The first composite with the use of wBN was the composite (PHBN), made on the bases of the mixture of

wBN+cBN powder (ref.24). The synthesis of the composite on the base of only wBN was the Problem sometime,

until it was solved by the synthesis of Hexanite-R (ref.25).

Converted mechanism of wBN to cBN during synthesis of the composites on the base of wBN, as it is shown in

(ref.23) carries not martensitic, but diffusion character. Physical properties of these composites are given in table 3.
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Table 3. Physical properties of superhard materials ( direct synthesis).

Elbor-RM Belbor PHBN Hexanite-R

Property (ref. 3, 14) (ref. 4, 14) (ref. 14, 24) (ref. 14)

Density, 10 kg/m 3 3.42 3.45 3.4-3.42 3.1-3.44

Compressive strength, GPa 2.7 4.0-6.5 3.4-4.9 3.5-4.0

Bending Strength, GPa Fracture ......... 4.0-1.2

Toughness, MPa m 4.2 --- 13-17 15-17

Knoop hardness, GPa 35 38 40.6-40.0 41.8

Young's modulus, GPa 840 800 800 750-820

Poisson's ratio, GPa 0.16 ...... 0.16

CTE, 10 K ......... 1.8

Thermal conductivity, w/m.k 60-80 100 70 25-30

DISCUSSION

The comparison of the mechanisms of formation of the composites with the presence of the catalyst of or

bonding binders and composites made by direct conversion of wBN to cBN and also the values of fracture

toughness, presented in table 2 and 3, allows making analogy between hard alloys and superhard composite

materials.

In this one and another case we have hard (wc) or superhard (cBN) particles, surrounded by less hard and more

plastic matrix Co, AIN, AIB2, when meeting with it the cracks, achieved critical size and capable to lead to the

failure of the whole composite, brake.

In case of Hexanite -R this analogy is less obvious than for example, in the case of PHBN (ref.24), where wBN

transform into cBN completely, but in this case such approach is also correct. Increased resistance of Hexanite-R to

impact loading, so very high fracture toughness, can be also explained, by the fact that within structures with

wurtzite structure wBN differs by increased extension of coordination tetrahedron along the axis "c" (c/a =1.6). The

last circumstances allows to consider wBN not only as superhard material similar to cBN, but more plastic

comparatively to cBN. Except the grains of wBN are smaller than the than the grains of recrystallized cBN, what

usually renders them higher fracture toughness.

CONCLUSION

Presented overview of the composite on the base of cubical and wurtzite boron nitride touched only the main

picture about this class of materials.

Performed analysis of their formation mechanism and physical properties allowed to identify those peculiarities,

which make them irreplaceable in metal machining and also notice those, which may be used in electronics.
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ABSTRACT

C-N and Si-C-N films were deposited on Si(1,0,0) substrates using dc magnetron sputtering with a

negative bias voltage on the substrate.

In the case of C-N films a high-purity graphite target was sputtered in pure nitrogen at a substrata

temperature of 600 °C. The film characteristics were primarily controlled by the pressure, p, (0.05 - 5 Pa), the

discharge current on the magnetron target, In, (0.5 - 3 A), and the rf induced negative substrata bias voltage,

U b, (-300 to -1200 V). The films, typically 1-2 gm thick, were found to be amorphous, and they possessed the

N/C atomic concentration ratio (determined by ERD) up to 0.35, the hardness up to 40 GPa, the elastic

recovery up to 85 %, and good adhesion. In order to clarify the complex relationship between the process

parameters and the film characteristics, we systematically studied, using optical emission spectroscopy and

electrical measurements under the same conditions, the density of N atoms and CN radicals near the substrata,

and the kinetic energy and flux of ions bombarding the magnetron target and growing films. Good correlation
between the N/CN concentration ratio in front of the substrate and the N/C atomic ratio in the films was found

over a wide range of the investigated process parameters. We have shown that the C-N films have a high

hardness only when the energy and flux of the nitrogen ions are sufficiently high for effective incorporation of

nitrogen into the layers (and for ion-induced desorption and resputtering of hydrogen-containing species from

them); such conditions require the pressures around 0.5 Pa and lower, and the U b values between -500 and -
700 V.

Si-C-N films of various compositions were produced by reactive dc magnetron co-sputtering of silicon

and graphite in nitrogen-argon gas mixtures using a single sputter target with different Si/C area ratios. The

total pressure and the discharge current on the magnetron target were held constant at p = 0.5 Pa and Im= 1 A,

and the substrate tempera_re was adjusted at 600 *C by an Ohmic heater or it was in the range from 135 to

210 _C without the heater. The negative substrate bias voltage was varied from a floating potential of about

-20 V to -500 V. The film compositions (determined by RBS and ERD), and hence the surface bonding

structure (XPS), the surface morphology (Ab2vi) and mechanical properties (see our measurements of hardness,

effective Young modulus, elastic recovery and friction coefficient), were primarily controlled by the Si fraction

in the magnetron erosion track area (5 - 80 %) and by the Ar fraction in the gas mixture (0 - 75 %). Depending

on the process parameters, ternary SixCcN z films within the composition range 9 _ x ___35 at %, 6 _ y < 6l at %

and 26 _<z <_52 at % were prepared possessing the hardness between 20 and 40 GPa.

Keywords: earbon-nitride films, silicon-carbon-nitride films, reactive magnetron sputtering, controlled film

composition, hard protective layers.
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Abstract

Diamond has the highest bond energy per unit volume of all known materials, and hence it is assumed to possess the
highest hardness. Diamond's hardness comes from its small atoms that each of them forms 4 covalent bonds. To make a
structure harder than diamond, its atoms must be smaller than carbon, and/or these atoms form at least 4 covalent bonds.
The first consideration would strike off all elements with period number higher than 2. The second criterion would
eliminate all elements lighter than carbon. Hence, only C, N, O, F, and Ne are possible candidates of superdiamond.
However, in order to become a superdiamond, these elements must form mono-atomic structures with coordination
number higher than 4. Moreover, no lone pair electrons are allowed, so all their valence electrons must be involved in
single covalent bonds.

The number of valence electrons in simple cubic carbon is less than the coordinated number of 6. As a result, the
bonds may turn metallic, so it may not be as hard as diamond. Potential superdiamond structures include diamond-like
nitrogen, simple cubic oxygen or fluorine, and body center cubic (BCC) neon. If these elements can form single
covalent bonds that involve all their valence electrons, they could become superdiamond. Otherwise, diamond's
hardness may be as insurmountable as the speed of light.

The above hypothetical structures of superdiamond may be synthesized by directing collimated beams of
single ions that are converging from the intended directions aiming at a common center. Such a technique was
developed by Nobel Laureate Y. T. Lee decades ago. The possible instantaneous formation of the predicted
hypothetical structures, even though they may be highly metastable, can be studied in-situ by laser strobe light flashed

at femtoseconds (10 a5 see). Such femtochemistry has already been invented by Dr. Ahmed Zewail, the latest Nobel
Laureate.

Key Words: Superhard Materials, Carbon Nitride, Simple Cubic Carbon, Simple Cubic Oxygen, Body-Centered
Neon, Superdiamond, Femtochemistry.
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ABSTRACT

Thin films of amorphous Carbon Nitride (CN_) films have been directly deposited onto silicon (Si), quartz (Qz),
Coming 7059 Glass (G1), aluminum (AI), and glassy carbon (GC) substrates utilizing a RF ion beam source.
Varying concentrations of methane and nitrogen were used as the feed gas. The effects of RF discharge power
(100-600W), ion beam deposition energy (100-1750eV), total gas flow (6-36seem), and the N2/CI-h gas ratio
(0.2-3.0) on the film growth rate and the corresponding dielectric properties of the films were studied. Parallel flat
plate capacitors were constructed on the films grown on aluminum substrates to determine the dielectric constant,
dielectric strength, resistivity, and the dissipation factor of the grown fihns
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Abstract

Carbon nitride films have been deposited by reactive pulsed laser deposition technique

by ablating carbon in the nitrogen atmosphere at different substrate temperatures and

back ground pressures. Si(1 11) substrates are used in the present investigation. Deposited

films are uniform and shows good adhesion to the substrates The deposition rates depend

on laser fluence, back ground pressure, and target substrate distance. The nitrogen

concentration in the films increases with increasing back ground nitrogen gas pressure

and laser fluence. Fourier transform infra red spectroscopy has been employed to

distinguish the C-C and C-N bonds. X-ray Photoelectron spectroscopy has been used to

study the composition of the deposited films. X-ray Diffraction and Transmission

electron microscopy techniques revealed that the deposited films have shown oriented

microcrystalline structure at relatively high laser fluence. This could be due to the high

kinetic energy of the radicals in the laser produced plasma plume. Electronic, mechanical

and tribological properties &these films have also been discussed.
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ABSTRACT

Carbon nitride films have been synthesized by several kinds of vapor phase techniques including plasma-
CVD, sputtering and ion-beam technique, etc., because of considerable interest in super-hard cubic or beta-type
C3N4 compound. We also prepared carbon nitride films by means of an ion-plating. Carbon nitride films were
deposited on Si substrate by reactive evaporation in carbon vapor and nitrogen plasma. The micro-wear
properties of the films were examined by means of the micro-scratch test together with a nano-indentation test,

utilizing an atomic force microscope. The results show that a suitable partial pressure ratio for Ar/N2 was shown
to be required for C-N bonding and hardness for films formed under this partial pressure ratio was shown to be

somewhat higher than hardness for other films. Hardness was also shown to increase as substrate bias decreased.
In the nanoindentation evaluation, the Ar/N 2 partial pressure was shown to influence film hardness. Finally,
micro-wear was shown to be small for films with high hardness.

Keywords: Carbon Nitride Film, Reactive Ion Plating, Micro-Wear

INTRODUCTION

Research into the synthesis of crystalline carbon nitride thin films has been stimulated by the suggestion of
the possibility of bulk moduli greater than that of diamond by Liu et al. (ref. 1), and a number of tests using
various vapor phase synthesis methods have been reported. Although there are some reports of success in
synthesizing very fine crystalline carbon nitride (ref. 2), most such films are amorphous. The development of a
method capable of generating consistent crystalline thin films is therefore eagerly awaited.

The authors are researching the use of the magnetically enhanced plasma ion plating method (ref. 3), with

the goal of synthesizing crystalline carbon nitride thin films. The mechanical properties of films generated under
various conditions were surveyed and are reported here as a first step in this research. Specifically, the
nanoindentation hardness and micro-wear properties were investigated.

FILM FORMATION

The magnetically enhanced plasma ion plating method, which has been used successfully to form cubic
boron nitride films (ref. 3), was used as the film formation method. Details regarding the equipment used in this
process can be found in existing literature (ref. 3). Carbon nitride films were deposited on Si substrate by

reactive evaporation in carbon vapor and nitrogen plasma. Argon/nitrogen mixed gas was flowed into the
chamber and the partial pressure ratio of Ar/N2 was varied in 1/0, 3/1, 2/1, 1/1, 1/2 and 0/1, when the total gas
pressure during deposition was set up at 6.6 x 10 .2 Pa. An Si wafer (100) was used as the substrate and
99.999% pure Gr was used as the evaporation source. RF bias (Vdc) varied in the range of 10 - -60. The
electron beam output, discharge potential, and discharge current were fixed at 250 mA, 60 V, and 16 A,
respectively. A film formation time of 1800 seconds was used.

STRUCTURE AND COMPOSITION OF THE FILMS

First, in order to investigate the C-N bonding states, IR absorption spectra were measured by FT-IR.
Figure 1 shows the IR spectra for films formed (using a Vdc of -50 V) under various partial pressures. The C-N
stretching vibration mode with the most remarkable difference (wave number: around 1120 cm -1) is highlighted
in the figure. From the figure, absorption due to C-N stretching vibration becomes prominent as N2 is added to
the reactive gas. In addition, as the N2 partial pressure is increased, the absorption peak shifts to high wave
numbers, and as the Ar partial pressure decreases, this absorption becomes less apparent. From these results, the

presence of Ar is thought to influence C-N bonding states and bond formation (probably due to the Ar ion
bombarding effect).

Next, a composition analysis of the film was performed by Auger Electron Spectroscopy (AES). Although
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noresultsareprovidedhere,theN/CatomicratioforafilmformedunderanAt/N2partialpressureratioof3/1
wasconfirmedtobeapproximately0.6.However,smallquantitiesofOandWweredetectedinthisfilm.TheW
isthoughttohaveoriginatedfromthehotelectronemissionfilament(madeofW)usedtogeneratedtheplasma.
TheOisthoughttohaveoriginatedfromsmallquantitiesofwatercontainedin thesurroundinggas.Reducing
theseimpuritieswillbeathemeoffutureresearch.TheN/CvaluesweresmallerforfilmsformedunderAt/N2
ratiosotherthan3/1.

(Ar/N_F1owRatio)

1200 1100 1000
W_venumber(cni1)

Figure1. IR spectra for films formed under various gas flow ratios. (Vdc: -50 V)

FILM HARDNESS MEASUREMENT

The surface hardness (Vicker's hardness: 5 mN load) was measured for films formed under various

conditions (Vdc fixed at -50 V). The results are shown in Fig. 2. Film hardness was somewhat higher for films
formed under flow ratios of 3/1 and 2/1, which clearly showed C-N bonding in Fig. 1. However, the differences
were not remarkable. For most samples the average Hv value was 2300 ~ 2800. The reason for the extremely
low hardness results measured for the film formed under a flow ratio of 1/3 is still not known.

Next, the hardness of films formed at various RF substrate biases was measured. A flow ratio of 3/1,
which afforded the highest hardness in the above investigation, was used. The results are shown in Fig. 3. As
shown in the figure, film hardness increases as bias decrease; an Hv of 3400 was obtained at a Vdc of-10 V.

NANOINDENTATION AND MICRO-WEAR MEASUREMENT OF THE FILMS

Since the hardness evaluation described above used Vicker's hardness with a 5 mN load, substrate
influences are included in the measured values. In order to evaluate the film itself, the nanoindentation hardness,
which uses small loads, was evaluated. Micro-wear was evaluated at the same time in order to estimate the wear
resistance of the film. Micro-wear was evaluated by a micro-scratch test (ref. 4) using an atomic force
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Figure 2. Surface hardness values of films formed under various gas flow ratios. (obtained by Vicker's

hardness test, load: 5 mN, Vdc fixed at -50 V)
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Figure 3. Surface hardness values of films formed at various RF biases (Vdc). (obtained by Vicker's

hardness test, load: 5 mN, gas flow ratio fixed at 3/1)

microscope (AFM). The same instrumentation was capable of simultaneously executing nanoindentation

measurement.

An equilateral triangle stylus tip made of diamond was used as the indenter. Loads of 10, 20, and 30 gN

were applied, and the surface of a 200 x 200 nm area scanned for scratches. The wear depth was measured and at

this time, allowing for evaluation of wear resistance properties of the film itself without including influences

from the substrate. A schematic representation o f the micro-scratch evaluation is shown in Fig. 4.

FiRure 4. Schematic representation of micro-scratch evaluation.
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The nanoindentation measurement results for films formed in reactive gas containing Ar/N2 mixed gas

flow ratios of 1/0, 3/1, and 0/1 are shown in Fig. 5. These results were obtained at a load of 100 _LN. A

maximum value of approximately 32 GPa was obtained when the flow ratio was 3/1. The hardness is clearly
high compared to films formed without nitrogen gas flow and films formed using only nitrogen gas flow. The
N/C with a flow ratio of 3/1, at approximately 0.6 according to AES analysis, was also higher than values
obtained under other conditions. The above results clearly demonstrate that film hardness is increased through

the inclusion of nitrogen.
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Figure 5. Na_oindentation hardn_s values of film_ formed under _m'imzs gas flow ratios.
(load: 100 /_N. Vdc fixed at -50 V)

The micro-wear measurement results for the films are shown in Fig. 6. The wear due to scratching under

various loads was observed by depth using the same indenter tip and a small load of 1 micro-N. The wear depths
were derived from the results. Although increased wear was observed for all films as loads increased, wear on
the film formed under a flow ratio of 3/1 was clearly smaller than wear on the films formed under other
conditions. This result agrees with the nanoindentation measurement result and shows that differences in
hardness influence wear rates.
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Figure 6. Variations of micro-wear depths of films formed under various gas flow ratios on loads.

CONCLUSION

Carbon nitride films were synthesized using the magnetically enhanced plasma ion plating method. A
suitable partial pressure ratio for Ar/N_ was shown to be required for C-N bonding and hardness for films formed
under this partial pressure ratio was shown to be somewhat higher than hardness for other films. Hardness was
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alsoshowntoincreaseassubstratebiasdecreased.Inthenanoindentationevaluation,theAr/N2partialpressure
wasshowntoinfluencefilmhardness.Finally,micro-wearwasshowntobesmallforfilmswithhighhardness.
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ABSTRACT

Development of novel ultra-hard materials is of great interest to the material science community. In particular,

carbon nitride films have attracted a lot of interest due to its extreme properties. The hardness of pure 13-C3N4 has

been predicted to be at least equal, and perhaps greater, than that of diamond. This paper describes the growth of the

ultra-hard phase of carbon nitride using hot-filament chemical vapor deposition (HFCVD). Carbon nitride films were

grown on (100) oriented crystalline Si substrate by activating a mixture of CH4/NH3 over a hot tungsten filament. The

films were deposited over a wide range of conditions. The ratio ofNH3/CH4 was held between 5 and 10 while the

reactor pressure was varied between 80 mT to 550 torr and the filament-to-substrate distance between 0.4 to 0.5 cms.

Once deposited, these films were characterized primarily by AFM and XRD. AFM micrographs show the presence of

facetted crystallites. The observed XRD peaks were compared with theoretical predictions for the c_-C3N4 and 13-C3N4 -

the two ultra-hard phases of carbon nitride. The XRD results clearly suggest the presence of both c_-C3N4 and 13-C3N4.

Our results also indicate that the surface morphology of the deposited films is sensitive to growth conditions,

particularly reactor pressure and filament-to-substrate distance. This paper will also compare the effects of using

nitrogen or ammonia in the gas phase on the material quality. Clearly, additional work, that would systematically span

a wide range of deposition conditions, is needed to optimize conditions that would lead to the growth of primarily the

ultra-hard phases of carbon nitride.

Keywords: carbon nitride, CVD, ultra-hard films, AFM, XRD.

INTRODUCTION

Following the theoretical predictions by Liu and Cohen (1) that a novel material [_-C3N4, whose structure is similar

to 13-Si3N4, should have hardness comparable or even exceeding that of diamond, carbon-based nitrides have

attracted widespread attention. In addition to 13-C3N4, several other possible structures of carbon nitride, such as c_,

cubic and graphite, were also predicted (2,3). Consequently, there has been intense experimental interest and

numerous groups have attempted to synthesize the ultra-hard phase of carbon nitrides. The results of these studies

have been mixed. In many cases amorphous carbon nitride (a-CN) films were synthesized (4 6). Other groups have

reported the presence of small C3N 4 crystallites embedded in _CN films (7,8). However, recently Chen et al. have

reported the growth of well-facetted o_-Si×CyNz crystals and a mLxture of c_- and [_-C3N 4 crystals (9,10). Bursill et al. (11)

have demonstrated the existence of an fcc phase of carbon nitride with a unit cell parameter of about a 6.3 A, and

Nguyen and Jeanloz (12) have pointed out the presence of a cubic carbon nitride phase when the material is grown

under high pressure and temperature.

Though the growth of pure and perfect 13-C3N4 still remains a challenge, one promising method is growth by hot-

filament chemical vapor deposition (HFCVD). There are reports in the literature that describe the successful growth of

13-C3N4 and other ultra-hard phases of carbon nitride using HFCVD and some of its variation (9,13-15). In this work,

our objective has been to demonstrate the growth of carbon nitride films by activating a mixture of methane (CH4) and

ammonia (NH3) in a HFCVD reactor and characterize them using atomic force microscopy (AFM), scanning electron

microscopy (SEM) and x-ray diffraction (XRD). Using NH3 instead of nitrogen gas (N2) as a source of nitrogen has a
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numberof advantages.Table1liststhebondenergiesofN2,hydrogen(H2)andNH3andotherrelevantradicals
typicallyfoundinthegasphaseinaHFCVDreactorwhenamixtureofNH3andCH4isactivatedoverahotfilament.

Table 1. A comparison of bond strengths of some common gases used in a HFCVD process (ref.16).

Bond type

_H

N-N 226.8

H-NH 7

Bond Strength

(kcals/mole)

104.2

110

H-N 103

C-N 67

C-H 99

The energy required to break a hydrogen atom off an ammonia molecule is about 110 kcals/mole which is less

than half the energy required to break the nitrogen molecule. Thus, using NH3 instead of N2 is preferable because it

is relatively easy to strip a hydrogen atom from the ammonia molecule. This hydrogen atom has two major roles in

promoting the growth of carbon nitride films. It helps the formation of sp 3 carbon bonds by etching away the

graphitic sp 2 phase. It is well known that the sp 3 C-N bond is more stable than either the sp 1 C---N or the sp 2 CN

bonds (16). Also, nitrogen is incorporated into the growing surface more effectively when the H from the -CH bond

on the surface is abstracted by the -NH radical forming a -CN bond and an H2 molecule.

EXPERIMENTAL DETAIIS

The carbon nitride films were grown in a home-built hot-filament chemical vapor deposition (HFCVD) reactor

where a mixture of NH3/CH4 was activated by passing the gas over a single hot tungsten filament whose temperature

was estimated to be ~2000°C. Each of the gases were introduced through separate outlets into the reactor. While CH 4

was introduced just above the filament, NH3 was introduced from top of the glass jar itself. The filament-substrate

distance, df_, was nominally set to 0.5 cm for samples A and B and 0.4 cm for sample C and was measured both before

and after deposition to ensure that the conditions did not change during the course of a run. The growing film was

heated directly by the hot filament. All samples were deposited on (100) oriented silicon substrates.

The chamber was pump ed down to a base pressure of ~25 mTorr using a mechanical pump. Initially, CH4 was

introduced and its flow rate controlled using a mass flow controller and its partial pressure was set to the desired

value. Once the partial pressure of CH4 had stabilized, NH3 was added to the reactor. The [N]/[C] ratio was controlled

by adjusting the partial pressure of NH3. The final pressure of the reactants was set by adjusting the outlet valve

located before the mechanical pump. The gas mixture was then activated using a hot-filament.

Table 2 describes the growth parameters for the three samples used in this work. While the ratio of nitrogen-to-

carbon was held constant, the flow rate of CH 4 was varied between 5 - 10 sccm. Finally, the pressure in the reactor

was varied from 220 torr to 550 torr to change the microstructure and the "quality" of these films. Once deposited, the

films were characterized by AFM for surface morphology and XRD for crystalline microstructure.

Table 2. Deposition conditions for the growth of carbon nitride in a hot-filament CVD

reactor. The methane flow rate was 10 sccm for all samples.

Sample # Filament-substrate Pressure (torr) Deposition rate (mg/min.)

distance, df_ (cm)

A 0.5 220 6.2 X 10 -3

B 0.5 300 6.2 X 10 -3

C 0.4 550 1.3 X 10 -3

D 0.7 350 not available
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RESULTS

Ashasbeenmentionedearlier,themicrostructureofHFCVDfilmsissensitivetothevariousgrowthparameters.
Carehasbeentakentoensurethattheconditions,duringdeposition,remainedstable.SamplesAandB,whichwere
depositedatconditionsveryclosetoeachother,hadsimilardepositionrates.SampleC,whichwasdepositedata
higherpressure,hadasmallerrateofdeposition.DepositionrateforsampleDisnotavailable.Clearly,moreworkis
neededtoestablishanycorrelationbetweengrowthratesandreactorpressures.

ThesurfacemorphologyofthedepositedfilmswasstudiedbyAFMmadebyDigitalInstruments.TheAFM
imageswereobtainedwithahorizontalheadoperatinginairatroomtemperatureusingetchedtungstentips.The
scansizewas5.0_tmwhilethescanratewas0.3Hz.Figure1showstheAFMmicrographoftwotypicalsamples.
SampleBisawellfacettedfilmwithan~l_tmgrainsizewhilethecrystallitesizeinsampleDisconsiderablysmaller.

(a) (b)

Figure1. AFM of two carbon nitride samples deposited at (a) Sample B, 300 torr, dt_= 0.5 cm, and (b) Sample D,

350 torr, d¢_= 0.7 cm.

The XRD spectra were measured by using the Cu Kc_l radiation using a standard 0 - 20 scanning. Table 3 lists all

the observed interplanar d-spacings for the three samples described in this work. The measured values of the

interplanar d-spacings are compared to the theoretical values as calculated by Guo and Goddard (17) and Teter and

Hemley (3) for c_- and ]3-C3N4, respectively. The observed interplanar d-spacings that have a close match with either

c_-C3N4 or ]3-C3N4 - the ultrahard phases of carbon nitride - are indicated in bold.

All three samples exhibited the strongest peak at d 1.35A. This reflection has been attributed to the (400) plane

from the Si substrate. Unfortunately, another XRD reflection with d 1.33A is also expected from from the (221) plane

of ]3-C3N4 (3). Thus, even if this peak was present, it would be completely overwhelmed by the Si (400) relfection.

Interestingly in sample A, a closer inspection reveals six reflections with interplanar d-spacings of 1.359 A, 1.358 A,

1.356 A, 1.355 A, 1.354 A and 1.356 A. In this particular case, only one of the six reflections may be assigned to Si (440).

At least one other peak may be assigned to reflection from the (221) plane of _-C3N 4 while the rest of the other peaks,

at this time, are of unknown origin. It is possible, the presence of these additional peaks is due to the presence of

other phases of carbon nitride that are yet to be fully accounted for. Two other peaks that have been associated with

the Si substrate have d-spacings of 1.64 A and 1.25 A. All three samples exhibit a reflection with d 1.68 A which may

be attributed to graphite (004) plane. However, it should be noted that reflection from graphite (002) plane is absent in

all samples. The intensity from the (004) plane in graphite is 4% of the (002) plane (ASTM card 41-1487). Thus, the

intensity of reflection from the (002) plane is expected to be at least an order of magnitude larger than the (004) plane

and hence it is unlikely that this peak was from graphite. Consequently, this peak has been reassigned to the

reflection from the (301) plane of c_-C3N4. The peaks that have been assigned to the ultrahard phases of carbon nitride

((z-C3N4 or _-C3N4) in sample A have d-spacings of 3.19 A, 2.08A, 1.90A, 1.68A, 1.59A, 1.52A, 1.50A, 1.46A, 1.35A (one

peak), 1.26A. Similarly, for samples B and C, there axe a number of peaks with d-spacings that are in good agreement

with the predicted theoretical values for either c_-C3N4 or ]3-C3N4 and all of these peaks have been listed in Table 3.

These XRD results are similar to those obtained by Zhang and co-workers (15). They deposited crystalline carbon
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nitridebyactivatingamixtureofmethane,ammoniaandhydrogenbyrf-plasmaassistedHFCVD.Theseworkershad
reportedthepresenceof13-C3N4(thoughnotc_-C3N4)intheirfilms.

Table 3. Comparison of the experimental measurements of interplanar d-spacings with theoretical values for a- and

I$-C3N4 (ref. 15 and 3, respectively).

_-GN4
d-spacings (hkl) d-spacings

5.50 (100) 5.50

3.17 (110)

2.75 (200)

2.25 (101)

2.08 (210)

1.95 (111)

1.83 (300)

1.81 (201)

3.55

3.17

2.75

2.37

2.14

2.08

c_-C3N4

(hid)

1.60 (200)

1.59 (211)

1.52 (310)

1.47 (301)

Interplanar d-spacings in (A)

1.33 (221)

Sample A Sample B Sample C

(100) 4.97
3.82

(101) 3.49 3.64

(110) 3.19 2.98

(200) 3.03 2.72 2.71

(201) 2.53

(102)

(210) 2.08

1.90 (211)

1.87 (112)

1.77 (202)

1.70 (301)

1.49 (103)

1.45 (311 )

1.90 1.91 1.90

1.68 1.69 1.68

1.66 1.66 1.65

1.63 1.64 1.63

1.59 1.61

1.52 1.51 1.52

1.50 1.51 1.50

1.46 1.42 1.42

1.41 1.41

1.40 1.40

1.351 1.36 1.35

1.31 (222)

1.26 (320) 1.27 1.26 1.26

1.26 1.25 1.25

1Multiple peaks are observed. The strongest peak is attributed to Si (400) reflection. See text for details

CONCLUSIONS

Carbon nitride films have been grown by HFCVD on (100) oriented Si substrates. AFM measurements show that the

films are well facetted while XRD measurements indicate the presence of c_-C3N4 and 13-C3N4 the ultrahard phases of

carbon nitride. However, there are a number of XRD peaks that are unaccounted for indicating the presence of other

phases. We have suggested that using NH3 as a source gas for nitrogen has distinct advantages since it is easier to

break the ammonia molecule and nitrogen is easily incorporated in the growing surface. However, the -CN bond

energy is a relatively low 67 kcals/mole (see Table 1) and is easily broken. Consequently, the ratio of NH3/CH4 should
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berelativelyhightoensurehighconcentrationofnitrogeninthegasphase.Inthiswork,wehavenotstudiedthe
effectoftheadditionofhydrogenoncarbonnitridefilms.Theroleofhydrogenisimportantandwillbeaddressedin
futurework.It isevidentthatHFCVDis anattractiveapproachthatcanleadtothefabricationofsingle-phase
ultrahardcarbonnitridefilms.Clearly,additionalworkneedstobedonetoachievethisgoal.
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ABSTRACT

Carbon nitride thin films were synthesized by electron cyclotron resonance (ECR) plasma
sputtering method with a carbon target and under various process parameters. Especially, plasma
atmosphere, microwave input power and substrate bias voltage as the process parameters were

investigated. The nitrogen concentration (N/C atomic ratio) and chemical bond structure (N-spC,
2 3 .......

N-sp C, N-sp C) of nitrogen and carbon atoms in synthesized thin films were discussed with XPS,
FT-IR, Raman spectroscopy. The nitrogen concentration, chemical bond structure and other
properties were clearly dependent on the process parameters. Especially, in the nitrogen
concentration and the chemical bond structure of carbon nitride thin films, there are remarkable
differences between the effect of positive and negative bias voltage applied to the substrate. These
results were implied that the most important process parameters in synthesis of carbon nitride thin

films are to irradiate the deposited film surface with higher flux density of low energy nitrogen ion
below 40eV. And also, these results are supported the sub-implantation model for synthesis of
metastable phase such as diamond and cubic boron nitride.

Keyword: carbon nitride film, electron cyclotron resonance plasma sputtering, chemical bond

structure, low energy nitrogen ion, sub-implantation model.

INTRODUCTION

Since Liu and Cohen in 1989 theoretically predicted the crystalline 13-C3N4 compound with a hardness

equal to that of diamond, many researchers have tried to synthesize this material[ 1,2]. There are a lot of

reports on synthesis of carbon nitride films, nevertheless no clear evidence of 13-C3N4 thin films has been

reported so faac[3-7]. The details of chemical and structural characteristics of the carbon nitride compounds
are still unknown.

A sputtering type electron cyclotron resonance plasma deposition method, hereafter called ECR

plasma sputtering method, has the advantages of depositing the films under irradiation with a low energy

ion, high density plasma stream onto the substrate in order to the low plasma gas pressure (under 10 -1 Pa).

The energy level of the activated species in ECR plasma is a few tens eV, which is much lower than that

produced by other ion beam sources. It is considered that irradiation of the substrate with high density

plasma is favorable for the formation of a metastable phase. Furthermore, the use of energetic particle with

low energy is expected to reduce structural damage. Consequently, ECR plasma sputtering method is useful

to synthesize metastable phase such as hydrogen-free diamond-like carbon (DLC), microcrystalline

diamond and CNx films[8,9].

We had reported on the synthesis of crystalline carbon nitride films deposited with the ECR plasma

sputtering method[9]. However, the nitrogen content in the crystalline carbon nitride films deposited at

600°C was very low. So, we tried to define the process parameters of ECR plasma sputtering system for

increasing nitrogen content in the films.

In order to increase the nitrogen content in the films, the influence for nitrogen content and chemical

bond structure of the synthesis process parameters, especially, plasma atmosphere, substrate bias voltage

and microwave input power in the ECR plasma sputtering system were studied. For investigate the

relationship between the nitrogen content, the chemical bond structure of carbon to nitrogen and atomic,

molecular, and ionic species in the ECR nitrogen plasma, optical emission spectroscopy (OES) and ion

density were measured.
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EXPERMENTAL PROCEDURE

Carbon nitride thin films were synthesized

using the ECR plasma sputtering system on Si(100)

substrate under various conditions, nitrogen partial

pressure in plasma gas atmosphere (Nz/Nz+Ar), bias

voltage of the substrate, and microwave input

power.

The schematic diagram of the ECR plasma

sputtering apparatus is shown in Fig.1. Before

deposition, the vacuum chamber was evacuated to

1.0xl0 -4 Pa. A 2.45 GHz microwave power,

magnet coil power for magnetic field of 875 Gauss

was applied to the ECR system. The mixed gas

composed with Ar and N2 was introduced into the

vacuum chamber to generate ECR plasma. The total

pressure was kept at 1.3x10 -1 Pa. The nitrogen

partial pressure was varied from 0.1 up to 1.0. A

cylindrical pure carbon taxget was placed at the

plasma-extracted window as surrounding the plasma

stream. A negative target voltage of 370V for the

sputtering of carbon was applied to the target holder

coated with A1203 via DC power supply. A substrate

Microwave

( ; 45GHz,

Magnet c__

Target DC Power

I _ I Optical emission
II I spect ..... py

Substrate/ t.........__ I i[_..._l

.insP...... pplr-"-tJ\ 1
Langmu'r probe

Fig. 1 Schematic diagram of the ECR plasma
sputtering apparatus.

bias voltage was applied to the substrate holder with another DC power supply, and was varied between

+40V and -40V. The substrate temperature was ambient temperature in this all experiments. The substrate

was exposure to the ECR plasma extracted by the inclined in magnetic field.

The deposited films were evaluated with x-ray photoelectron spectroscopy (XPS), FT-IR, Raman

spectroscopy.

EXPERIMENTAL RESULTS AND DISCUSSION

Nitrogen contents.

Nitrogen atom to carbon atom ratio (N/C) in the films deposited at several nitrogen partial pressures

was evaluated with measured XPS spectra as shown Fig. 2. The total plasma working gas pressure and

substrate bias voltage was 1.3x10 -1 Pa, -30 V, respectively. As the nitrogen partial pressure (Nz/Nz+Ar)

increased, the N/C atomic ratio increased lineally from 0.2 up to 0.35. The films deposited at ambient

temperature with the maximum N/C atomic ratio were obtained at 1.0 of the nitrogen partial pressure,

namely pure nitrogen atmosphere. From the result, it is implied that Ar gas has a bad effect for increasing
of N/C atomic ratio in the films.

0.5

0.4

"_ 013

L)

0.2

0.1

0 0
0

0 o

o "o._, 'o.:_ "o._, 'o._ "1'

N 2 / (N2+Ar)

O

Fig. 2 N/C ratio in the film deposited at
several nitrogen partial pressures.

0.5

0.4

©

_ 0.3

20.2

0.1

0

O0

0 o

0

40 20 0 -20 -40

Substrate bias / V

Fig. 3 N/C atomic ratio in the films deposited
at various substrate bias voltages.
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N/Catomicratiointhefilmsdepositedatvarioussubstratebiasvoltagesandatpurenitrogenpressure
of1.3x10-1PawasevaluatedwithXPSasshownFig.3.TheN/Catomicratioincreasedwithdecreasing
thesubstratebiasvoltage,andtheN/Catomicratioincreasedlineally.However,theN/Cratiomaybe
saturatedatlessthan-30Vsubstratebiasvoltagerange.Thethinfilmsdidnotdepositatsubstratebias
voltagelessthan-50Vinordertore-sputteringofthedepositedfilms.Andalso,N/Catomicratiointhe
filmsdepositedatvariousmicrowaveinputpowerandatpurenitrogenpressureof 1.3x10-1Pawas
evaluated.TheN/Catomicratiograduallyincreasedwithincreasingthemicrowaveinputpower.

Theseresultssuggestthatthenitrogenpartialpressureandsubstratebiasvoltageisimportantprocess
parametersforsynthesisofcarbonnitridefilmswithhigherN/Catomicratio.Theeffectsofmicrowave
inputpowerissmallerthantheotherprocessparametersforsynthesisoffilmswithhighN/Catomicratio.

Chemical bond structure.

Chemical bond structure of carbon and nitrogen atom was evaluated with XPS spectra. The XPS

spectra of N ls electrons of films was seen the shifts of the main XPS peak from the binding energy values

corresponding to simple elements 402eV for N ls peak. The energy shift toward to lower values 399eV is

typical for nitrogen incorporation in carbon nitride films[10]. Furthermore, N ls and C ls spectra axe an

asymmetric broadening toward higher binding energy. These suggested that the spectra comprise several

features of varying binding energy levels corresponding to different bonding structures of N and C atoms.

Many attempts have been made to deconvolute N 1s spectra in previous reports[ 11-15].

N sp3C
• 398eV

; Ns o/

N spC

NN, NO

405 400 395

Binding energy / eVo @

Fig. 4 Typical deconvolution result of the Nls

spectra of the films deposited at substrate

bias voltage -30V and microwave power
200W.
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Fig. 5 XPS peak area ratio on each chemical

bond structure of the films deposited at

various nitrogen partial pressures.
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Fig. 6 Peak area ratio of (N- sp3C)/(N-sp2C)

vs nitrogen partial pressures.
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Fig. 7 Peak area ratio of (N- sp3C)/(N-sp2C)

of the films deposited at various substrate

bias voltage.
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AstandardnumericaldeconvolutionprocedurewithGaussianfittedcurveshasbeenappliedtoN ls
spectrawithfourcomponents.Thebindingenergyofnitrogencombinedwithsp 3 hybridized carbon (N-

3 2 . . 2 . .
sp C), sp hybridized carbon (N-sp C), sp hybridized carbon (N-spC), and N-N and N-O bond could be

assigned to 398.0eV, 400.0eV, 399.5eV, and 402.0eV, respectively. Typical deconvolution result of the N ls

spectrum was shown in Fig. 4.

The XPS peak area ratio on each chemical bond structure of the films deposited at various nitrogen

partial pressures was shown in Fig. 5. The peat: area ratio of (N-sp3C)/(N-spZC) calculated from Fig. 4 was

shown in Fig. 6. The peak area ratio of (N-sp3C)/(N-spZC) of the films deposited at various substrate bias

voltage and microwave input power was shown in Fig. 7 and Fig. 8.
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Fig. 8 Peak area ratio of (N- sp3C)

/(N-sp2C) of the films deposited at

various microwave input power.
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Fig. 9 Typical emission spectrum of N2 ECR
plasma observed with OES.

These results indicate that the nitrogen atoms combined with sp 3 hybridized carbon (N-sp3C) increased

with increasing the N/C atomic ratio, and the nitrogen atoms combined with sp2 hybridized carbon (N-

sp2C) decreased with increasing the N/C atomic ratio. The change in the peak area assigned to N-N or N-O

bonds did not observed. The (N-sp3C) /(N-sp2C) peat: area ratio rapidly increased with increasing the

nitrogen partial pressure of 1.0. In the concerning of microwave power, the (N-sp3C)/(N-sp2C) peat: area

ratio rapidly increased at more than 150W compared with less than 100W. Furthermore, the (N-sp3C)

/(N-sp2C) peak area ratio sharply increased at minas range in substrate bias voltage.

Plasma diagnostics were performed with optical emission spectroscopy (OES) and Langmuir probe

method to define the mechanism of above-mentioned results. Typical emission spectrum of N2 ECR plasma

observed with OES was shown in Fig. 9. The emission bands in the UV region, centering at 316, 337, 357,

and 380urn, axe attributed to the second positive N2 band[16-19]. The bands in the visible region, centering

at 540, 580, 650, and 750nm, are attributed to the first positive N2 band[16-19]. The emission band at 391

N2+(3 91 ran)

o:m:)

s; -:d0 :s'0 -2d0 -2s0

Microwave Power / W

Fig. 10 Emission intensity in N2 ECR plasma
as a function of microwave input power.

[]1o8
ioo

50

10

Ys

s; :do :s'0 2o'0250
Microwave power / W

Fig. 11 Relationships between ion intensity

and microwave input power.

NASA/CP--2001-210948 612 August 6, 2001



and425nmcorrespondtothefirstnegativesystemofN2÷ion[16-19].Theemissionintensityat391nm
(N2÷ion)and580nm(N2radical)inN2ECRplasmaasafunctionofmicrowaveinputpowerwasshownin
Fig.10.TherelationshipsbetweenionintensitymeasuredwithLangmuirprobeandmicrowaveinputpower

.... 3 2 . .
was shown m Fig. 11. The relation between the peak area ratio of (N- sp C)/(N-sp C) and microwave input

_ower was shown in Fig. 12.

o4

_3

O

o

O

50 100 150 200

Microwave power / W

Fig. 12 Relationship between the peak area
• 3 2 •

ratio of (N- sp C) /(N-sp C) and microwave
input power.
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Fig. 13 Typical Raman spectra of the films

deposited at various substrate bias voltages.

These results indicated that the intensity of N2+ ions and ion density rapidly increased at more than

150W in microwave input power. And also, an increase of the N2+ ion density contributed to an increase in
N/C atomic ratio and N-spJC chemical bond structure of the films. It was suggested that the N/C ratio and

the peak area ratio of (N-sp3C) /(N-sp2C) concerned with chemical bond structure in deposited carbon

nitride films strongly depend upon an ion density in the ECR plasma and the substrate bias voltage of less
than -50V.

Typical Raanan spectra of the films deposited at various substrate bias voltages were shown in Fig. 13.

The peak area ratio of D band (disorder: 1350 cm -1) to G band (grafite: 1550 cm -1) increased with decreasing

the substrate bias voltage. It was suggested from these experimental results that the preparation and

characterization of metastable carbon nitride films with higher nitrogen content are depend upon the

substrate bias voltage less than -50V, correspond to ion energy, and ion flux density irradiated onto the

growing film surface.

A growth model for formation of metastable phase in comparison between the these experimental

results and subimplantation model reported by Lifshitz et al. and Robertson et al. were discussed[20,21].

Our experimental results were implied that the subimplantation model could be applied qualitatively for the

formation of metastable phase carbon nitride films.

CONCLUSIONS

Amorphous carbon nitride films were deposited on the Si(100) substrate by the novel ECR sputtering

method. The N/C atomic ratio reached to 0.35 at pure nitrogen plasma, -40V in substrate bias voltage,

200W in microwave input power. The films do not deposit at less than -50V of substrate bias voltage,

because of re-sputtering the deposited film.
Nitrogen atoms in the films axe chemically bonded mainly with sp 3, and sp 2 hybridized carbon.

Increasing the nitrogen partial pressure and microwave input power in process parameter leads to the peak
• 3. 2 . . .

area ratio of (N-sp C) /(N-sp C). Decreasing the substrate bias voltage in process parameter leads to the
• 3 2 . +. . .

peak area ratio of (N-sp C)/(N-sp C). These results were affected the increase of the N2 1on density in the

ECR plasma.
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OPTICAL EMISSION STUDIED TO THE CARBON NITRIDE FILM DEPOSITION BY ECR

PLASMA SOURCE ENHANCED PLANAR MAGNETRON SPUTTERING
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ABSTRACT

Carbon nitride (CNx) thin films with proper chemical stoichiometry as well as excellent properties

were deposited by electron cyclotron resonance (ECR) plasma source enhanced planar magnetron

sputtering. The optical emission spectra from both the negative glow discharge zone near the

target surface and the plasma zone formed by ECR discharge and magnetron discharge were

studied separately. The dominant chemical species in both zone were found to be N2÷, N2", and

CN radicals. But the intensity of CN radical in plasma zone was greater than that in negative zone,

where a emission band of C2 was detected. The dependence of the intensities of N2+ and CN

radical on the deposition conditions such as working gas pressure and sputtering voltage were

investigated, and the formation of CN radicals, which could be vital in the CNx film deposition

process, was discussed. It was shown that a possible mechanism could be the reaction of N2÷ with

C2 in gas phase.

Key Words: Carbon nitride; ECR plasma; Sputtering; Optical emission spectra

Corresponding author: XU Jun

E-mail: xujun@dlut.edu.cn

Fax: +86-411-4708389

Tel: +86-411-4708384(0)

4708867(h)

NASA/CP--2001-210948 615 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

An XPS study of pulsed laser deposited CN x films

F. Llg- NORMAND, J. HOMMET

IPCMS, UMR 7504 CNRS, BP 20, 67037 Strasbourg Cedex 2, France

T. SZORENYI 1'2, C. FUCHS 1, E. FOGARASSY 1

CNRS-PHASE, UPR 292 CNRS, BP 20, 67037 Strasbourg Cedex 2, France
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We present an XPS study of CN x films prepared by pulsed laser deposition (PLD) at room temperature.

The Cls and Nls core levels display many contributions whose assignment is controversial in the literature, due

to the lack of solid reference compound and to the widely varying configuration states of both carbon and

nitrogen. We therefore develop a procedure that enables to simply determine the binding energies of each

individual lines of the C I s and N1 s core levels in a given carbon and nitrogen configuration, involving a close

comparison with literature references of solid polymeric compounds containing nitrogen and solid carbon

references. It is believed that polymeric compound involving nitrogen may provide more pertinent references

than molecules as they account more adequately of the screening of the ionized state of the photoemission

process. This screening effect is even more pronounced in the case of aromatic or cyanogen-type bonds where

delocalized rc electrons strongly affect the screening of the core hole. We therefore propose an assignment of

these lines that is tested on CNx films when changing the most important parameters of the PLD process (laser

fluence, nitrogen pressure, target-to-substrate distance) and of subsequent post-treatments (vacuum thermal

treatments and sputtering by argon ions). We find that the main environment is formed by N(pyramidal)-

C(trigonal) and N(colinear)-C(linear) configurations which can be explained by the trend to privilegiate sp 3 and

sp 2 hybridisation states around carbon and nitrile configuration around nitrogen.
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Pulsed Laser Deposition Carbon ni_ides X-my Photoemission Spectroscopy
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Abstract

C3N4 research has ushered the way toward a new fronterior of science. It combines exotic idea with

theoretical modeling. It also triggered creative experimentals. This research has discovered that CN films can

be much harder and more stable than common DLC films. Hence CN films have been implemented in the

production of hard drives. The C3N4 research also prompted the synthesis of (Si,C)3N4 crystals that may rival

the hardness of cubic boron nitride. It is recommended that this material be mass Noduced using the V'LS

method. If this is accomplished, the economical (Si,C)3N4 superabrasive can replace much more expensive

industrial diamond and cubic boron nitride.
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In the family of wide band gap materials (silicon carbide, the group III nitrides and diamond), SiC is the only

semiconductor that has a native oxide, and metal-oxide-semiconductor field effect transistors (MOSFETs) have been

fabricated using both 4H- and 6H-SiC. The 4H polytype has higher bulk carrier mobility [1], and is hence the

polytype of choice for power MOSFET fabrication. However, reported channel mobilities for 4H n-channel,

inversion mode devices are substantially lower than for 6H-MOSFETs. For power device applications, the

advantage provided by 4H-SiC of lower epilayer resistance for a given operating voltage is compromised by the low

channel mobility. Schorner, et al. [2] attribute the poorer performance of 4H devices to a large, broad interface state

density located at approximately 2.9eV above the valence band edge in both polytypes. More of these states lie in

the band gap for 4H-SiC (Egap - 3.3eV) compared to 6H-SiC (Egap - 3eV) where they act to reduce channel mobility

through field termination, carrier trapping and Coulomb scattering. Afanasev, et al. [3] proposed that interface

states in SiC/SiO2 structures result from carbon clusters at the interface and defects in a near-interface sub-oxide that

is produced when the oxidation process is terminated. The large interface trap density near the conduction band

edge proposed by Schorner, et al. has been observed experimentally for both n-SiC [4,5] and p-SiC [6]. Li, et al. [7]

originally reported improvements in the electrical performance of dry oxides on 6H-SiC annealed in nitric oxide

(NO). We have grown oxides on 4H-SiC using standard thermal techniques [8] and conducted post oxidation

anneals in NO [9]. We find that the interface state density near the conduction band edge in n-4H-SiC can be

reduced to levels comparable to the interface state density near the conduction band edge in 6H-SiC. Furthermore,

the effective channel mobility for inversion-mode 4H-SiC MOSFETs improves significantly following high

temperature anneals in nitric oxide.

Results are shown in Fig. 1 for standard hi-lo (quasi-static) C-V measurements on n-4H-SiC MOS capacitors

following NO passivation anneals of 2hr at 1175°C. "Re-ox" refers to samples that were not annealed in NO. "Re-

oxidation" is a standard wet oxidation termination step [10] that is carried out at several hundred degrees below the

oxidation temperature of 1100°C in order to reduce the interface state density near mid-gap for p-SiC/SiO2 [4,10,11].

As shown in Fig. 1, NO passivation reduces the interface state density significantly. The trap density at 0. leV

below the conduction band edge decreases by approximately one order of magnitude (from about 2X1013 to

2xl012eV-lcm -2) after NO annealing. AC conductance measurements performed at Cree Research, Inc. for similar

samples confirm the C-V data presented in Fig. 1.

The results of mobility measurements for a lateral 4H-SiC MOSFET fabricated with a dry oxide are shown in

Fig. 2. The device has a peak channel mobility of approximately 30cm2/V-s, and shows a x14 improvement in peak

mobility as a result of the NO passivation anneal. Similar results are obtained for wet oxide MOSFETs. Figure 3(a)

shows a plot of drain current versus gate voltage that was used to determine a peak effective mobility of 5cm2/V-s

for a device fabricated with Cree's standard dry-wet oxide. Figure 3(b) shows the improvement in mobility that can

be achieved with NO passivation. Drain current - gate voltage characteristics are also plotted in Fig. 3(b) for the

standard and passivated MOSFETs. The standard device exhibits the soft turn-on, high threshold, and single digit

mobility [Fig. 3(a)] typical of 4H-SiC MOSFETs. However, the MOSFET annealed in NO has a 5V threshold,

relatively sharp turn-on, and a peak channel mobility of 37cm2/V-s.

The characteristics of both the dry and wet oxide devices are consistent with a lower interface state density near

the conduction band edge. Also, the mobility versus gate voltage behavior for both the wet and dry oxide devices is

similar to that of silicon MOSFETs [12] with only a 15-20% reduction in mobility at the higher gate voltages where

the devices will typically be operated. However, unlike silicon, the mobilities reported here for SiC are a much

smaller fraction of the bulk mobility (-10% for SiC compared to - 50% for Si). This difference can be attributed to

the fact that, even after NO passivation, the interface state density near the conduction band edge is still ten times
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higherforSiCcomparedtoSi.Fullwafertestingforthewetoxidedevicesresultedinayieldof90%andan
averageeffectivemobilityof33cm2/V-s.Furthermore,everyworkingdeviceonthe3.5cmdiameterwaferhada
peakmobilitygreaterthan30cm2/V-s- anindicationthattheNOpassivationprocesswasveryuniform.

Measuredchannelmobilitiesforlateral4H-SiCMOSFETsfabricatedwithstandardepilayersandstandard
thermaloxidationtechniquesaretypicallywellbelow10cm2/V-s.A numberofattempts- includingtheNO
passivationprocessreportedherein- havebeenundertakeninanefforttoimprovetheeffectivechannelmobility.
Sridevan,etal.[13]reportedn-channel mobilities as high as 165cm2/V-s for deposited oxides subsequently annealed

in wet N2 and Ar. Ogino, et al. [14] observed significant improvements in mobility (as high as 99cm2/V-s)

following low dose N implants into the channel region that were designed to adjust device threshold voltage. Yano,

et al. [15] fabricated MOSFETs with wet thermal oxides grown on the (1120) face of 4H-SiC and reported effective

channel mobilities of around 30cm2/V-s. However, to our knowledge, our results are the first to show substantial

improvement in the inversion channel mobility for lateral n-channel MOSFETs fabricated with standard thermal

oxidation techniques and standard 4H-SiC. Whether used separately or in conjunction with other techniques such as

low dose implantation, the NO passivation process represents significant progress in 4H-SiC MOSFET

development.
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Fig.1. Interfacestatedensityforn-4H-SiC MOS

capacitors before and after anneals in NO at 1175°C

for 2hr. The hi-lo C-V measurements were made at

room temperature and confirmed with AC
conductance measurements. "Re-ox" refers to

samples that were not annealed in NO. In agreement

with the suppositions of Schorner, et al. [2], the

passivation anneal is noticeably more effective for

4H-SiC.
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50mV) resulted in a peak effective mobility of
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ABSTRACT

The optical characteristics of silicon-rich hydrogenated amorphous silicon carbide (a-Sil_xCx:H) films with

varying carbon composition (x) are investigated using photothermal deflection spectroscopy (PDS). It is found that

the optical gap and the degree of disorder in the films are strongly affected by carbon alloying. The deconvolution of

the PDS spectra enables us to deduce the density of states (DOS) distribution of the films and the sub-gap features

observed are discussed in detail.

Keywords: density of states (DOS), photothermal deflection spectroscopy (PDS), hydrogenated amorphous silicon

carbide (a-Sil_xCx:H), absorption coefficient (cQ

INTRODUCTION

Hydrogenated amorphous silicon carbide (a-Sil_xCx:H) has attracted great interest due to its attractive potentials

in electronic applications, such as solar cells, optoelectronic devices, high-temperature engineering materials and

coating materials. There are several technological advantages in alloying carbon with hydrogenated amorphous

silicon (a-Si:H). Among them, carbon alloying increases the bandgap energy, while retaining its ability to be doped

n- or p-type. However, it also increases the gap state densities in the material, causing a degradation in its

photoelectric properties. Therefore, an investigation of the density of states (DOS) of a-Sil_×C×:H films with varying

carbon fraction is important towards the understanding of their electronic properties. In this work, the distributions of

gap states in Si-rich a-Sil_xCx:H (x < 0.4) films are investigated based on their sub-gap optical absorption measured

using photothermal deflection spectroscopy (PDS).

EXPERIMENT

The a-Sil_xC_:H films are prepared using an electron cyclotron resonance chemical vapor deposition (ECR-

CVD) system, the detail of which can be found elsewhere (ref. 1). The microwave was set to 900W and the upper

and lower magnetic coil currents were fixed at 100 A and 120 A respectively. The deposition pressure was

maintained at 20 mTorr and no intentional heating was applied. The hydrogen flow rate was maintained at 100 sccm,

while the gas ratio of methane to silane was varied to produce films with changing carbon-to-silicon (C/Si) ratio. The

carbon fractions x of the films were deduced from Rutherford backscattering spectrometry (RBS) and their optical

band gaps using the transmittance and reflectance measurements based on a dual beam Perkin-Elmer Lambda 16

UV-Vis spectrophotometer. PDS was used to measure the optical absorption coefficients (c 0 of the samples. The

pump beam was a 1000 W tungsten lamp and the probe beam was a 632.8 nm He-Ne laser. The PDS spectra are

normalized to the absorption spectra obtained from UV-Vis spectroscopy.

1 Address: Clean Room & Characterization Laboratory, S 1-B2C-21, School of Electrical and Electronic Engineering,

Nanyang Technological University, Nanyang Avenue, Singapore 639798. Email: __-a3_4_2_8_'O5"_._@_n_t___e___u_.,_sg,Phone:

(65)7904528, Fax: (65)7933318.
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RESULTS AND DISCUSSIONS

Figure 1 shows the normalized absorption spectra obtained from PDS. The experimental data are shown in

symbols, whereas the solid lines represent the spectra calculated based on the deconvolution procedure proposed in

ref. 2 and will be elaborated further in the later part of the discussion. The optical parameters that can be derived

from the spectra include the optical gap Eg and the B parameter in the Tauc's model _ = B(hv - Eg ), where ot is

the energy dependent absorption coefficient and hv is the photon energy.
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10 _ •
O

10 0

10 112 114 116 116 210 212 214 216 216

Photon Energy, hv (eV)

Figure 1. Experimental (symbols) and calculated (solid lines) PDS spectra based on the DOS

deconvolutions of a-Sil.xCx:H with varying composition x. The spectra are displaced vertically by a decade

for clarity.

The Tauc gaps Eg are shown in Fig. 2, where an increase with x is seen, as expected from the results shown in

Fig. 1. For a-Siz_xCx:H, there are uncertainties in deducing Eg as the linear region needed for the linear extrapolation

to ot -- 0 is narrow, due to their large band gaps. Therefore, another parameter E04, which represents the photon

energy at which c_ reaches 104 cm -1, is also determined. It has a same trend as Eg, though consistently higher by

approximately 0.3 eV. The increase in the optical gap with carbon incorporation has already been reported for a-Siz_

xCx:H (refs. 3 and 4). The reason behind the increase is elucidated by calculations performed by Robertson (ref. 5)

for crystalline silicon carbide (c-SiC), which can serve as a first approximation to its amorphous counterpart. It was

shown that for Si-Si bonds, the cy-like states are situated at 0.5 eV below the valence band edge (Ev), whereas the cy*-

like states are situated at 1.7 eV above the conduction band edge (Ec) of c-SiC. Therefore, broadening of the Si-Si cy

states into a band in a-Siz_xCx:H will affect the DOS near Ev, but with little effect at Ec. As x is decreased, a large

number of Si-Si bonds are present, prompting the Si-Si cy states to broaden into a band, which raises E_ closer to Ec

and thus lowers the energy gap.

A comparison is also made between the optical gaps of our samples that are highly hydrogen diluted with those

of samples deposited by cosputtering, which used two separate silicon and carbon targets in an argon and hydrogen

gas atmosphere (ref. 6). As can be seen in Fig. 2, the Tauc optical gaps for the cosputtered films, denoted by Egcosp,

are consistently lower than that of our films. This difference can be due to the different hydrogen contents in the

films. The highest hydrogen content in the cosputtered films measured by thermal evolution was about 30%, which

is much lower than that in our films, deduced from elastic recoil detection analysis (ERDA), that can reach -50%.

Such high hydrogen contents are consistent with those reported for typical glow-discharge films (ref. 6 and 7). In Si-

rich samples, hydrogen tends to passivate (Si) dangling bonds, resulting in a lattice of Si-H sites, or break strained
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Si-Sibonds,toformstrongerSi-Sibonds,therebyrecedingthevalencebandandleadingtoasharperandmore
abruptvalencebandedge.ConsequentlyEgwillincrease,ascanbeconfirmedfromFig.2.
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Figure 2. The dependence of Eg and E04 on carbon composition x. Plots for Egco_p for cosputtered films (ref. 6)

is also shown for comparison.
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Figure 3. The dependence of the parameter B and Urbach energy, E. and Ew, on carbon fraction, x. Inset:

the correlation between B and E. and Ev.; the solid lines represents the linear relation between them.

Figure 3 plots the Tauc parameter B and the Urbach energy Eu as a function of x. The former represents the joint

optical density of states whereas the latter is a measure of the degree of disorder in the films obtained from (z --

(Zoexp(hv/E,_), where (zo is a pre-exponential factor. The valence Urbach energy, E_u, deduced from the

deconvolution procedure of the spectra shown in Fig. 1, is also included. A decrease in B and an increase in Eu and

E_u with x can be seen. For x _< 0.22, B values are quite high, indicating that the films are Si-rich (ref. 3). For such

samples, the band edges are Si-like, so it is expected that their characteristics are similar to a-Si:H, where the tail
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widthiswideratthevalencebandthanattheconductionband(ref.2and5).Assuch,Eucanbetakentorepresent
thevalencebandtailwidth.Indeed,thisisalsotheassumptionmadefortheDOSdeconvolutionofourPDSspectra
todeducethevalenceUrbachenergy,E,_,whichshowsastrongcorrelationtoEu.FurtherdiscussionsontheDOS
deconvolutionresultswillbepresentedshortly.ThebandtailstatesareconsideredtobeweakSi-Sibonds,arising
fromthestrainpresentinthedisorderednetwork(ref.8). Carbonalloyingtendtoinducemorestructuraldisorder
andstrainin thenetworkbecauseofthedifferentbondlengthsandbondstrengthsofcarbonandsilicon(ref.9).
HenceEuwillincreasewithcarbonalloying,asseeninFig.3.It isthoughtthatB isrelatedtotheoverallstructural
disorder,whileEuisrelatedtolocalmicrostructuraldisorderresultingfromcarbonalloying.A linearrelationis
foundbetweenBandEu,whereEu(meV)=279- 0.32B (cmeV)-1/2,asshownintheinsetofFig.3. Thisindicates
thatthemicrostructuraldefectsarisingfromcarbonalloyinghaveapronouncedeffectontheoveralldefectstructure
ofthefilms.AsimilartrendisalsoobservedforF_.

ToobtaintheDOSdistributionfromthePDSspectrashowninFig.1,wefollowthedeconvolutionprocedureof
ref.2. Generally,theDOSdistributionofamorphoussemiconductorscanbedividedintothreeregions:apower-law
regionattributedtotransitionsinvolvingextendedstates,anexponentialabsorption(Urbach)edgewhichencroaches
intothebandgapanddefectsstatesdeepin thepseudogap.All possibletransitionsbetweenthethreeregionsare
consideredin thedeconvolutionprocess.Thefittingparametersinvolvedin thedeconvolutionincludetheconstant
M,whichisassumedtobeindependentofenergyandproportionaltotheaveragevalueofthemomentummatrix
elementsinTauc'sopticalabsorptionmodel,theopticalgapEg,thevalenceUrbachenergyE,_,thefilleddefect
densityNdanditspositionEpk,andtheemptydefectdensityNd,anditspositionEpk,inthepseudogap.Asin the
caseof a-Si:H,thefilledandemptydefectsareassumedtobeoriginatedfromdanglingbonds.Althoughmany
modesof transitionsarepossible,butnotallof themwill haveaninfluentialeffectontheoverallabsorption
coefficientc(.Fromthedeconvolutionprocedure,it isfoundthatthecontributionsoftheemptydefectstatesNd*,
whicharisemainlyfromtransitionsfromthevalenceband,tothetotalabsorptionareobscuredbythemuchlarger
contributionfromthetransitionsbetweenthevalencebandtailstatesandtheconductionband,duetothemuch
highervalencebandtailstatedensities.This,coupledwiththenoisiersignalatlowerphotonenergies,resultsina
largeuncertaintyindeterminingNd,.

©

*d

1E19- 1E19

s_1 E18

1E18-. _E_77'O- " 8'o " 9'o " _;o " _o " _o " GO

ii_m/m
--m-- N d

1E17
i ii / u i u u

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Carbon fraction, x

Figure 4. The dependence of filled defect densities Nd and empty defect densities Nd* on carbon fraction x.

Inset: the relation of Nd and Nd, with N_u. The solid line shows the correlation between Nd and Ev,.
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ThebestfittedfilleddefectdensitiesNddeducedforthefilmsareshowninFig.4asafunctionofx. The larger

Nd seen at increasing carbon fraction x can be interpreted as an increase in the dangling bond defect densities,

concomitant with an increase in the valence band tail slope, E,_,, discussed earlier. The variation in the defect and

band tail state densities can be explained by generalizing the weak bond to dangling bond conversion model of

Stutzman (ref. 10). This model attributes tail states in a-Si:H to weak bonds, which when lie beyond a certain

demarcation energy above the valence-band edge, are converted to dangling bonds by bond breaking so that they can

minimize their energy locally. Therefore, it is expected that a wider band tail tends to give rise to higher defect

densities. Indeed, if we plot the defect densities Nd (believed to be associated with dangling bonds), against E,_,, as

shown in the inset of Fig. 4, a correlation can be seen, where N d oc exp (E,_/13 meV). This tend to suggest the

disorder-induced fields and strains responsible for controlling the slope of the Urbach edge are caused by dangling

bond defects (ref. 11). On the other hand, the empty defect densities Nd* remains constant for x -- 0 and x -- 0.18, and

the type of correlation seen for Nd is not found, probably due to the large uncertainty in the determination of Nd* as
mentioned before.
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Figure 5. The density of states (DOS) distribution calculated from the deconvolution of the PDS spectra

shown in Fig.1. The spectra are displaced vertically by a decade for clarity.

The DOS distributions derived from the deconvolution of the PDS spectra are shown in Fig. 5. The origin for

the energy scale, s, refers to the conduction band edge, Ec. In order to obtain a good fit between the experimental

and calculated spectra, the peak energy for the mid-gap defect distribution for x < 0.22, Epk is taken to be located at -

1.0 eV below Ec. However, for x -- 0.36, a good fit can only be obtained if Epk is shifted to -1.2 eV below Ec. One

plausible reason is that as the carbon fraction x increases, the Si dangling bonds are no longer the major contributor

to the deep defect densities and C dangling bonds may also play a role. The significance of C dangling bonds is

supported by calculations performed for the density of defects in a-Sil_xCx:H (ref. 5 and 12). As evidenced from ESR

(electron spin resonance) measurements (ref. 6), carbon alloying in a-Si:H produces resonance g values between that

of Si (g = 2.0055) and C (g = 2.003), indicating that the spin densities are made up of Si and C singly occupied

dangling bonds, Si3°and C3°, where the subscript represent the coordination number and the superscript represent the

charge state, with symbols + for positive, - for negative and 0 for neutral. On the other hand, LESR (light induced

electron spin resonance) measurements (refs. 13 and 14) found that, in addition to the neutral dangling bonds, the

spin densities are also contributed by charged defects of Si and C. Owing to the higher electronegativity of C, the Si3

level lies above the C3 level, and there will be a charge transfer to give C charged defects with a configuration

and Si charged defects, Si_ (ref. 5). The Si3 level is repelled upwards as C is introduced into Si while theC 3 C3

level is repelled downwards as Si is introduced into C. If Si3 outnumber C3 centers, as in Si-rich alloy, this will
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produceSi ,Si0and centers,where isrepelleddownwardstowardsEvwhile isrepelledupwards
towards Ec by the interaction among the Si and C atoms. It is probable that at higher x, C 3 outnumbers Si 0 , and

that accounts for the observed shift of the defect level closer towards the valence band.

CONCLUSIONS

The absorption spectra of a-Sil_xCx:H with varying carbon fraction x, are studied by means of photothermal

deflection spectroscopy (PDS). From the spectra, it is found that the optical gap, parameter B and Urbach energy are

well correlated with x. The possible reasons for the correlation among the parameters are discussed. From the

deconvolution of the PDS spectra, the DOS of the samples with varying x can be found. Variation in the defect peak

densities and their energy levels are discussed in term of carbon alloying.
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Abstract

Carbon atoms were implanted into silicon substrates by cathodic arc at 1000 V
with a range of currents that were varied from 20 A to 100 A. AES analyses

confirmed that the silicon surface was clean without oxygen contamination. The

implanted carbon atoms penetrated below the surface with a rapid decrease of

concentration. It implied that the diffusion of carbon atoms was minimal so the
implantation was achieved primarily by physical means.

The depth of the implanted carbon atoms increased with the arc current, but it

peaked at 80 A at a depth of approximately 100 nm. ESCA disclosed a similar
profile of carbon bonding for the amorphous diamond accumulated on the surface.

The maximum sp 3 content was about 50% that occurred when current was at 80 A.
Cathodic arc contains ionized carbon atoms that were mixed with clusters of

molten carbon droplets. The latter froze to form micro particles that lodge on the

deposited film of amorphous carbon. The carbon atoms in these micro particles
were primarily held by sp 2 bonding. With the increase of arc current, the

temperature rose, so was the amount of micro particles. It is postulated that the
reduction of sp 3 content when the current was increased to 100 A was due to the

overheating of the sample by the electrical arc. Moreover, as the speed of ionized

carbon atoms was reduced by the shielding effect of these micro particles piled up on

the surface of the amorphous diamond. As the consequence, the implantation depth
became shallower.

Introduction

Diamond-like carbon (DLC) coating has numerous superb properties such as

high hardness, low friction, and extreme inertness. Moreover, it can cover the

surface of a variety of materials, even with complicated shapes. Hence DLC has
become the premium coating material for many advanced applications, such as hard

drives, razor blades, and acid barriers.

DLC is a composite material that encompasses diamond, graphite, and polymer

(hydrogen source). DLC that contains pure carbon is called amorphous diamond.

NASA/CP--2001-210948 627 August 6, 2001



Thismaterialis composedof randomlypackedcarbonatomsthatarebondedin
distortedtetrahedralcoordination(sp3)andtrigonallayout(sp2). Thehigherof the
ratioamongthesetwoendmembers,themorediamond-likethepropertiesof the
coating.

Amorphousdiamondcanbeconvenientlydepositedby cathodicarc(Fig.1).
Thearccontainscationsof carbonthatarevaporizedfroma graphiteor carbon
cathode.Thesecarboncationscanbedriventowardasubstratethatisbiasedata
negativeelectricalpotential. Thekineticenergyofthecationsoftendeterminesthe
fateof thebondingcarbon. If theenergyislow,theimpingingcarbonatomscannot
formsp3bondingsotheybecomeamorphousgraphite. Ontheotherhand,if the
energyis sufficientlyhigh(e.g.,50-100eV),amorphousdiamondwill be formed.
However,if thecarboncationsaremovingtoofast,theycouldpenetratebeneaththe
surfaceofthesubstrate,wheretheyarelodgedasimplantedatoms.

Magnetic Co I[" Ar °r H21nle_

Topum°

Water

Fig. 1: The schematic of cathodic arc (left) and the appearance of such an arc (right).

The most difficult problem to apply amorphous diamond is to make the coating

stick to the substrate. In order to increase the adherence strength, the surface of the
substrate must be thoroughly cleaned to avoid any contamination. Furthermore, it is

often desirable to implant the substrate with carbon atoms before actually coating the

surface. In this way, amorphous carbon coating can be anchored by having this
"root."

The amount of implanted carbon atoms in a given time can be increased by

enhancing the negative bias of substrate and/or the electrical current (cation flux) of

the arc. In this research, the concentration profiles of implanted carbon atoms were
studied under a range of arc current. The substrate chosen was silicon, the most

compatible material for applying amorphous diamond coating due to its tendency to

form carbide (SIC) and its perfect match of thermal expansion with diamond.

Experimental

The substrates were square chips of N-type silicon. They were cut from a
wafer that was oriented with (100) face parallel to the surface. The resistivity of

these samples were in the range of 0.02_0.008 _2-cm. All samples were submerged

in HF (10%) contained DI water for 20 seconds. They were subsequently
ultrasonically agitated in DI water for 15 minutes. After cleaning, all samples were

stored in ethanol solution (95%) until use. Before conducting the experiment, each

sample was blown dry using nitrogen gas.

During the experiment, the chamber was maintained at a vacuum level of
2.0x10 -5 Torr. The bias of the substrate was set at 1000 V. The surface of each

sample was first etched by ions of argon and hydrogen for 20 minutes to remove any
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remainingcontaminant.It wasthenbombardedbycarboncationsfor1minutewith
currentcontrolledat20,40,60,or 80ampers.Duringtheion bombardment,the
temperatureof thesampleroserapidly. Topreventthesamplefromoverheating,it
wasattachedto a stagethatcontainedcirculatedwaterfor cooling. Evenso,
temperaturecouldstillriseabovethestabilityofamorphousdiamond(about500°C).
Hence,thearcwasturnedonintermittentlyin every12secondswith1-minuterest
timeinbetween.

TheimplantedsampleswereanalyzedbyAugerelectronspectroscopy(AES)to
revealthecarbonprofileasafunctionof diggingtimebytheelectronbeam. The
penetrationtimeis proportionalto thedepthbeneaththesubstratesurface. In
addition,thebondtypesandtheirratio(sp3/sp2)oftheamorphousdiamonddeposited
onthesamplesurfacewereanalyzedbyESCA.

Results and Discussions

Figure 2 shows the carbon profiles of different samples bombarded at various

currents of cathodic arc. The carbon concentrations were complementary to silicon

concentrations. Based on these profiles, the original depth of the substrate surface

could be determined by noticing the appearance of silicon atoms at the expense of
carbon atoms. The maximum depth of implantation may also be identified by the

disappearance of carbon atoms. In addition, the intermediate depth where carbon

and silicon atoms had equal abundance was located by the cross over point of the two
opposite concentration profiles for carbon and silicon. These three characteristic

depths of carbon implantation for each sample were summarized in Table 1, and they

were plotted graphically as shown in Figure 3.

i
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Fig. 2: Concentration profiles of samples bombarded by cathodic arc at various levels
of currents.
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Tablel: ImplantationDepths(inpenetrationtimeofseconds)

Arc current (A) 20 40 60 80

Original Interface 0 0 0 85
Cross Over Point 10 sec 30 sec 56 sec 235 sec

Maximum Depth 100 sec 130 sec 180 sec 370 sec
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Fig. 3: Carbon implantation depths as a function of arc current.

Figure 4 shows the sp3/sp 2 ratio of carbon bonds as determined by ESCA.
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Fig. 4: The sp3/sp 2 ratio of amorphous diamond deposited at various arc currents.

The above data indicated that the penetration depth of carbon atoms increased

rapidly with the surging of arc current. Although the penetration depth may be more

dependent on the kinetic energy of the carbon atom and hence the voltage of the
negative bias at the substrate best controls it, the increase of the flux of carbon atoms

had allowed the spread of kinetic energies of carbon cations. As a result, more

carbon cations had acquired higher energy to penetrate deeper. However, the

penetration depth was peaked at approximately 100 nm (370 seconds) when the
current reached at 80 A. Further increases of the arc current drastically raised the

temperature of the electrical arc. The consequence was the melting of graphite
cathode

De and the splashing of micro droplets of molten carbon. The piling up of

these carbon nano-particles on the substrate surface had slowed down the speed of

impinging carbon cations. The result was a decrease of implantation depth.
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Thesp3/sp2ratiosoftheamorphousdiamondcoatingrevealedthesametrendthat
peakedatanarccurrentof 80A. Thedecreaseof diamondcontentin thethinfilm
athigherarccurrentwaslikelyduetotheoverheatingofthesubstrate.

Conclusion

The carbon penetration depth in silicon is determined by the speed of impinging

cations. With the increasing of the cation flux, more carbon atoms can acquire a
higher kinetic energy to reach a greater depth. At a bias electrical potential of 1000

V, the maximum penetration depth is attained at approximately 100 nm when the arc

current reaches at 80 A. Further increases of the arc current tend to produce micro

particles that may pile up on the surface of the amorphous diamond. The shielding
effect of these micro particles can reduce the speed of impinging carbon atoms and

hence the implantation depth of carbon atom becomes shallower.
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ABSTRACT

A new plasma spraying method using a coaxial cylindrical electrode plasma gun is presented to synthesize hard

and dense ceramics coatings with high adhesion. Pulsed arc plasma is generated between center anode and outer

cathode by supplying pulsed large electric current. The plasma is compressed and accelerated by electromagnetic

force generated by the large electric current. The plasma heats and accelerates source powder materials injected into

the electrode using a pulsed powder injector with a large flow rate. The pulsed powders injection method is also

presented. The heated and accelerated source powders deposit onto substrates setting at the exit of the electrode. The

measured maximum electric current is 100kA. The speed of the accelerated plasma is ranged from 1.5 to

3.0x 103naJsec and the estimated maximum electromagnetic pressure is approximately 1MPa. Dense and hard boron

carbide (B4C) coatings with high adhesion and high crystallinity are formed on mirror polished SUS304 substrates.

Keywords: plasma spraying, electromagnetically accelerated plasma, pulsed powder injection, boron carbide.

INTRODUCTION

Boron carbide (B4C) is an attractive material as a super hard coating under high temperature and high heat flux

(ref. 1). Sintered bulk B4C is one of the hardest materials, which is only surpassed by diamond and cubic boron

nitride (ref. 2). It also has a low density and a good resistance to chemical agent. Several methods have been

investigated to synthesize the boron carbide coating such as radio-frequency plasma chemical vapor deposition

(CVD) (ref. 3), microwave plasma CVD (ref. 4), laser assisted CVD (ref. 5), plasma jet CVD (ref. 6), sputtering (ref.

7), gas conversion technique (ref. 8) and plasma spraying (ref. 9). In the case of using the B4C coating under high

temperature and heat flux, it seems reasonable to use thick coatings (-100_tm or thicker) to protect the base substrate

materials from the ambient gas. In order to make such a thick coating, it is considered that the plasma spraying

method is suitable. However, the density and the adhesion of coatings formed using the plasma spraying are

generally low because of the low speed powder jet. The substrate coated such a sparse coating is damaged by the

ambient gases passing through a pore and the coating is easily detached. The density of the coatings formed using

high velocity oxygen-fuel flame spraying (HVOF) and Detonation gun (D-gun) spraying are high in the thermal

spraying because high-speed powder jet is generated (ref. 10). However, these spraying methods have a limit to heat

source powder to high temperature. This means that it is difficult to use these methods for coating formation of high

temperature melting materials such as boron carbide. Thus, the development of the spraying method having ability to

generate high-speed powder jet keeping high temperature is important for dense and thick coating formation of boron

carbide.

Dense and high adhesive coatings of tungsten carbide, tantalum carbide and zirconium boride are produced

using electrothermally exploded powder spraying (ELTEPS) method proposed by Tamura et al (ref. 11). The velocity

of the fastest particles jet accelerated by the electrothermal explosion is estimated to be 900m/sec. However, this

method is only applicable to conductive materials because the source materials are heated and accelerated by

applying pulsed large electric current. Railgun plasma spraying method (ref. 12, 13) has similarity to the ELTEPS

method in terms of using pulsed large electric current to heat source materials. Source conductive materials setting

between two parallel electrodes are accelerated by electromagnetic force in this method. The large current also

generates arc plasma that heats the source materials simultaneously. The velocity of the fastest source materials in a

plasma state is 2km/sec. Dense coatings of tungsten carbide, tungsten and TiA1 with high adhesion are produced.

Tahara et al. reported coatings formation of insulators such as A1203 and ZrO2 using magnet-plasma-dynamic (MPD)
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arcjetgenerator(ref.14).Inthismethod,insulatingsourcematerialsplacednearcathodeareablatedbyconcentrated
plasmajetandsprayedonthesubstrates.

Wehavebeendevelopinganewtypeofelectromagneticallyacceleratedplasmaspraying(EMAPS)system
havingcoaxialcylindricalelectrodes.Thepurposeofdevelopmentistoconductintenseacceleratingandheatingof
powdersbylargecurrentarcplasmawithoutlimitationinelectricconductivityofpowders.Forthispurpose,alarge
flowratepulsedpowderinjectorisalsodeveloped.Thispaperpresentsbasiccharacteristicsofthiscoatingmethod
includingtheoperationofthepowderinjectorandthebehaviorofthearcplasmaandpreliminaryresultofboron
carbide(B4C)spraycoatingsonstainlesssteel(SUS304)substrates.

EXPERIMENTAL

Illustrationsoftheplasmasprayingprocessinatypicalexperimentalconditionareshowninfigure1.(a)Mirror
polishedsubstrates(SUS304,10x10mm2)aresetattheexitoftheelectrode.Sourcepowdersaresetatthepowder
injectorandtheArgasispressurizedtotheinjector.Thecondenserbank(3mF)ischargedupto 5.9kV.(b)B4C
powder(60_tm,0.1-1.0g)with the high-pressure Ar gas (0.7MPa) are injected into the inner electrode by the pulsed

powder injector. (c) The pulsed large electric current is applied to the electrode from the condenser bank while the

injected powders and the gas are filled in the electrode. The pulsed current is concentrated to metal lead wires (the

plasma starting point) at first. Next, the wire is exploded to establish arc plasma. The large current generates large

magnetic field at the same time. (d) The plasma is accelerated and compressed by the electromagnetic force. The

powders are accelerated and heated by the accelerated plasma. (e) The powders deposit onto the substrates.

The advantage of this method is to be able to conduct intense accelerating and heating of powders by large

current arc plasma without limitation in electric conductivity of powders. The valve of powder injector is considered

to be one of the key devices of this method, because the response and reproducibility of injection must be high

enough to set precise delay time from the powder injection to the initiation of the large current discharge, which is

considered to be an important factor to control characteristics of the coating. It is however impossible to employ a

conventional electromagnetic valve widely utilized for a fuel injector because of its small flow rate and insufficient

reproducibility of the response. For this reason, a simple method for powder injection is newly developed as shown

in figure 2, where (a) the powder is initially set in a pressurized gas reservoir whose nozzle is closed by a diaphragm

made of thin resinous film, (b) at a

given time, the fine metallic lead

wire located near the diaphragm is

exploded by pulsed current of about

lkA, (c) the wire explosion causes

instantaneous rupture of the

diaphragm and subsequent injection

of the powder with pressurized gas

into the space inside the cylindrical

electrodes. With this method, the

pulsed powder injection with large

flow rate and high reproducibility is

expected to be achieved.

RESULTS AND DISCUSSION

The optimal condition of the

pulsed powder injector is

investigated. The parameters

selected in this study are the

diameter of the lead wire, Ar gas

pressure, the thickness of the film

and the capacitance. The space

inside the outer electrode is

evacuated in this optimization and

following B4C coating formation.

powder
injector i_[j_ (a) ,,o ,, der i---g _ .......(a) 0 ........................
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_., lcad wire L..... - .... ! lead wae --a'F:L--J.'_s_tch,

(b) i_ ___- _i:' .... II the ilmer eleclrode II

• . • .. _ _

(c) , , :. .: Twn-e _ .: :.

I.......... 7
" the inner electrode I
[.................. J

(a)
;-.2_5_:.V.V.-...V .......

. :'.'.V'_;.'.'.'.'.'.'.'.'.'." ....... -'- (c) ,- ............. ,

,

I.......... ] , t oie,:t,o :
i t

Figure 1. Illustrations of the

spraying process.

Figure 2. Illustrations of the

large flow rate pulsed powder

injector and their injection

process.
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Thetypicalwaveformof thepressurechangein theinjectorin the
optimalconditionis shownin figure3. Theamountof theinjected
powderis1.5g.Figure3(b)isamagnificationofthefigure3(a),where
thebeginningofthepressurechangeisclearlyseen.Wedefinethetime
betweenthetriggertimeandthetimeofstartofthepressurechangeas
theactingtimeasshownin figure3 (b).Fiveshotsweredoneatthe
sameconditiontoinvestigatethereproducibilityoftheactingtime.The
actingtimeanditsreproducibilityinthisoptimalconditionare320_tsec
and±10_tsecrespectively.Theincreaseofthepressurechange,inother
word,theincreaseoftheArgasjetvelocityisseenat1800_tsec(white
arrowin figure3(b)).Thissuggeststhealmostpowderswhichwasthe
obstructionofthegasjethavebeeninjectedtotheelectrodefromthe
powderinjectorat thistime.Thus,theflowrateof thepowderis
estimatedtobe1g/msec.

Typicalwaveformof measuredelectricalcurrentandthepulsed
plasmaemissionsdetectedbythethreeopticalsensorsduringthe
sprayingprocessareshowninfigure4wherethedelaytimeis3.75msec.
Inordertoobtainthemaximumcurrentof 100kA,theappliedvoltage
ofthecondenserbankisadjustedto5.9kV.Thedischargedurationis
approximately300_tsec.Theaveragespeedoftheplasmafromthepoint
A (10cm)topointC(36cm:theexitoftheelectrode)is2.2km/secand
the estimatedmaximumelectromagneticpressureis 1MPa.The
measuredplasmavoltageisrangedfrom100to150Vandtheestimated
appliedenergyisrangedfrom1.0to 1.5kJ.Whenthedelaytimeis
changedfrom3to20msec,thespeedoftheacceleratedplasmaisalso
changedrangingfrom1.5to3.0x103m/sec.Thehighreproducibilityof
thecoatingformationis expectedbecausethereproducibilityof the
actingtimeofthepowderinjectorisapproximately1/10atthedischarge
time.

Boroncarbidecoatingis formedonamirrorpolishedSUS304
substrate.Thegrowthrateisapproximately1_tm/shotwhentheamount
of thesupplyingpowdersis 0.1g.Thegrowthrateincreasesto
approximately2_tm/shotasthesupplyingpowdersareincreasedto
0.5g.Growthrateissaturatedatthisamountofthesupplyingpowders.
A scanningelectronmicroscopic(SEM)imageofanas-sprayedboron
carbidecoatingisshowninfigure5.Boroncarbidesplashingisclearly
seen.It showsthattheboroncarbidepowdersmeltduringthespraying
process.Thethicknessof thecoatingincreasesalmostlinearlyby
furthersprayingontothecoating.Figure6 showsa crosssectional
SEMimageoftheboroncarbidecoating,whichissynthesizedby9
shots.Thethicknessofthecoatingisapproximately20_tm.Thisfigure
showsthattheporositiesin thecoatingarelowandtheuniformityis
veryhigh.Novacancyis observedbetweenthecoatingandthe
substratethatindicatesthehighadhesionofthecoating.
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Figure 3. (a) Pressure change in the

injector during powders injection

process. (b) Initial stage of the

pressure change.
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An X-ray diffraction pattern shows that the original crystalline structure of the powder is preserved in the

coating as shown in figure 7. Composition ratio of boron and carbon of the powder (B/C-4) is also preserved in the

coating from electron probe micro analysis (EPMA). The Vickers hardness of the coating obtained by ten tests

ranged from 2200 to 3200kgf/cm 2 (2600kgf/cm 2 average), when the load and loading time are 50gf and 10sec. These

values are smaller than sintered B4C which Vickers hardness is ranged from 3100 to 3700kgf/cm 2 (3450kgf/cm 2

average) at the same loading condition. These smaller values of the coating result from the mixing ofcupper from the

electrode and/or insufficient electromagnetic force.
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Figure 6. Cross-sectional SEM image of the

BoC coating on SUS304 substrate after 9
shots.

CONCLUSION

Electromagnetically accelerated plasma spraying (EMAPS)

system using a coaxial cylindrical electrode is developed. A large

flow rate pulsed powder injector is also developed and combined to

the spraying system to select source powder materials without no

limitation such as conductivity. The measured maximum discharge

current is 100kA. The discharge duration is approximately 300_tsec.

The speed of the accelerated plasma is ranged from 1.5 to

3.0x 103naJsec and the estimated maximum electromagnetic pressure

is approximately 1MPa. The high reproducibility of the coating

formation is achieved from the high reproducible acting time and the

large flow rate of the powder injector. Dense and hard boron carbide

(B4C) coatings with high adhesion and high crystallinity are formed

on mirror polished SUS304 substrates.
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Covalently bonded solids based on boron, carbon, or nitrogen are the hardest materials, and B4C is the third

hardest after diamond and cubic boron nitride. In addition to its hardness, B4C has a high melting point,

semiconductivity, and high resistance to chemical reagents. These properties make thin films of boron carbide (BC)

an attractive candidate for room- and high-temperature applications in the fields of coating materials and electronics.

Among numerous preparation techniques, pulsed laser deposition (PLD) has been successfully used to form thin

films of various materials. In this method, a laser beam incident on a solid target induces an explosive evaporation of

atomic and molecular species. The highly energetic species expand in vacuum and are deposited on a suitable

substrate. As to the deposition of BC thin films, few PLD studies have been reported. In this work, we report the

deposition of amorphous BC films by PLD using a fourth harmonic beam from a Nd:YAG laser. We discuss the

deposition of the BC films depending on laser fluence and the relationship between energetic ablated species and

nanoindentation hardness of the deposited films. The values of hardness of tetrahedral amorphous carbon (ta-C) films

are also measured and compared.

In a stainless steel chamber with a base pressure of <10 -_ Torr, a commercially available sintered B4C target

containing 5% oxygen was mounted and rotated at 10 rev./min. The laser beam (266 nm, 4-5 ns pulse width) from a

Q-switched Nd:YAG laser, operated at a repetition rate of 10 Hz was focused on the target through a lens. The spot

diameter of the laser beam was 0.8-1.5 mm, and the laser fuence was 1-3 J/cm 2. The films were deposited on Si (100)

substrate at room temperature. The substrates were set parallel to and 30-50 mm away from the B4C target.

Deposition times were 30-60 min. After deposition, the films were removed from the chamber and their thicknesses

were measured with a depth profiler. The deposition rate obtained at the center of the substrate ranged from 2 to 12

nm/min. The morphology of the surface and cross section of the films was examined using scanning electron

microscopy (SEM). Particulates in the deposited films were observed and counted. The films were also characterized

with x-ray photoelectron spectroscopy (XPS). The hardness values of the films were determined by nanoindentation

using a continuous stiffness measurement technique. The continuous stiffness measurement allows the hardness to be

measured as a function of indentation depth. For comparison, ta-C films were also formed by PLD using a graphite

target at laser fluences of 1.3-3.5 J/cm 2.

The surface SEM images of deposited films showed the presence of round and irregularly shaped particulates

embedded in the smooth films. Higher magnification images of the films showed the particulates most likely

originated from melt droplets from the B4C target surface. We found that the particulates size ranged from 0.25 to 5

gm and that their average size was about 1 gm. We also found that with an increase in fluence, the number of

particulates decreased significantly and the number of round particulates increased relative to that of irregularly

shaped ones. Although particulates, an undesirable product, exist in the film, the cross section image of the film

showed that the deposited film itself has a dense structure without peeling off from the Si substrate.

XPS analysis showed boron, carbon, and oxygen atoms in the surfaces of BC films deposited at different

fluences. The atomic compositions of the films were determined by integrating the areas of the respective Cls, B ls,

and Ols XPS spectra after correcting for their sensitivity factors. With increasing fluence, the B/C ratio increases

from 1.8 to 3.2 and the O/C ratio decreases from 0.7 to 0.2. Although a fairly large change is observed in the B/C

ratio, the B/C ratios of all the films are smaller than that of the bulk target (3.6).

To compare the type of chemical bonds present in the films, the Bls spectra were deconvoluted into three

components through reference to previous studies. The main component with a peak at 188.6 eV is assigned to B

atoms bonded to B. The other two components at 190.6 and 193.0 eV are assigned to B atoms bonded to C and to O.

The Cls spectra were also deconvoluted into three components. The main component at 282.9 eV is assigned to C

atoms bonded to B. The other two components are assigned to C atoms bonded to C and to O. At larger fluences the

ratios of the two main components at 188.6 and 282.9 eV increased significantly, which is consistent with the

increase in the B/C atomic ratio with increasing fluence. The Raman and FTIR spectra of the deposited BC films

showed only broad bands with peaks at around 1100-1200 cm -1, indicating an amorphous structure. The dominating

factor in the formation of BC films, which are dense and adherent to the substrate, appears to be the arrival of
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energeticB andCspeciesfollowedbytheircondensationonthesubstrate.AsinPLDofothermaterialsthroughthe
useofanultravioletlaser,themajorarrivingspeciesarethoughttoconsistof atoms,ions,andsmallmolecular
speciescomposedof mainlyB andC.In ourprevioustime-resolvedemissionmeasurementin theablationplume
generatedfromaB4Ctarget,B,C,andtheirionswerefoundtoexpandwithvelocitiesof1-30km/s.TheBdeficient
compositionofthedepositedfilms,comparedtothetargetone,mayhavebeenduetothechemicalbondstabilityin
thefilm.Thebondstrengthsare607,448,and297kJmo1-1forC-C,B-C,andB-B,respectively.

ThehardnessofBCfilmswiththicknessesof- 500nmwasmeasuredinthepartsofthefilmswhicharefreeof
particulates.ThevaluesofhardnessareplottedinFigure1asafunctionof laserfluence.TheYoung'smodulus
valuesofthefilmsarealsoplotted.Theeffectoflaserfluencecanbeobservedfromtheresultsobtained.Although
thehardnessvalueisabout14GPaforthelowestdegreeof laserfluence,increasingthefluenceleadstoarapid
increaseinfilmhardnessupto32GPa.Themodulusvariesfrom175to313GPainparalleltothehardness,whichis
a generaltrendobservedin hardandelasticceramicsfilms.Themeasuredhardnessvaluesof 14-32GPaare
comparabletothoseforBCfilmsdepositedbyDCmagnetronsputtering(10-35GPa),RFmagnetronsputtering
(19.5-30GPa),andion-beamsputtering(31GPa),andapproachthoseforbulkB4C(3000-4000inVickershardness).
Forta-Cfilms,thehighervaluesofhardnessrangingfrom24to65GPawereobtained.Similartothedepositionof
BCfilms,thehardnessvaluesofta-Cfilmsincreasedaslargerfluenceswereused.

Webelievethatthedominantfactorin theobservedincreaseinBCfilmhardnessis theformationofdenser
filmsbythearrivalofmoreenergeticionsandatomsgeneratedbylaserirradiationathigherfluences.It isgenerally
acceptedthatahighlaserfluenceplaysacrucialroleinthedepositionofdenseamorphouscarbonfilmswithalarge
numberof sp3hybridizedcarbonatoms.In theabove-mentionedsputteringtechniques,BCfilmswithhigher
hardnesswereobtainedundersuitablesubstrate-biasconditions,indicatingtheroleofionsin thefilmdeposition.In
ourdepositedfilms,atomiccompositionandbondingstatecomposedof B andC atomssignificantlyvaried
dependingonthelaserfluence.Furtherstudiesarerequiredtobetterunderstandtherelationshipbetweenbonding
statesinthefilmsandtheirhardness.

ThisworkwassupportedbytheFrontierCarbonTechnologyProject,whichwasconsignedtoJFCCbyNEDO.
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Figure 1. Variation of hardness and Young's modulus of BC films as a function of laser fuence.
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Extended Abstract

Naturally, the carbides of pure in composition and complete in atomic lattice are not present whether in

crystalline or in amorphous states. Most of natural and synthetic diamond contains nitrogen, boron and other rare

impurities as "structural defects", even if amorphous carbon (a-C) films manufactured through PVD (Physical Vapor

Deposition) techniques, such as filtered cathodic vacuum arc technique, laser ablation and ion beam deposition.

However, in the practical application of industrial fields, we usually treat the diamond and graphite crystals as

complete lattice sites, while other allotropes of carbon with sp 3, sp 2 and sp 1 configuration mixing in solids are known

as amorphous structure. Their physical and chemical properties are somewhere different from diamond partner.

Initially, the interest in amorphous carbon thin films was as a mechanical material that showed 'diamond-like'

properties [1,2]. Currently, there is renewed interest in a-C, as well as its doping counterparts, as electronic or

opto-electronic materials. The investigation showed that these properties were correlative to the distribution of

electronic states, as well as energy bands in solids, which was determined by optical absorption spectrum.

The joint density of electronic states (JDOS) in amorphous semiconductors has been previously studied by Tauc

et al. [3], and a simple definition was given as:

= [Nc(E)N_(E - hgo)dE (1)J (h(o )
J

N c(E) and N v(E) representing the conduction band and valence band one-electron density of states (DOS)

functions, respectively.

Later, O'Leary [4] suggested an elementary formalism for the optical absorption spectrum which does account

for the spatial correlations between the conduction band and valence band potential fluctuations and does allow one

to relate the distribution of electronic states with this absorption spectrum. The obvious feature is local JDOS

function in amorphous solids

j zoc (hco) = I N_°_ (E)N_°_ (E - boo)dE (2)

N_ °_ (E)

total JDOS in amorphous material is an average of local JDOS, i.e.,

J (hco ) = (j;oc (h(o ))

In amorphous solids, one-electron potential profiles, V C(R) and

band are not constant, and the local density of states can be expressed as:

and N_°_ (E) denoting the local conduction band and valence band DOS functions, respectively. The

(3)

Vv (R), in conduction band and valence
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,_2-m *3/2

c 4E - Vc (R) (4)
N_°_(E)- _ 2h3

-v/Em *3/2

v _/vv(R)- E (5)N_°_(E) - 2 3
Jr h

Where mc and my are the effective masses of carriers. Under a proper approximation, the JDOS of amorphous

semiconductor is obtained to be:

[ [(ha) - Eg o )2 + o_2,

J(h(o) ----> _ [ h(o- E go 2 ]

?p[ l,

ho)> E
go

h(o _< Eg o

(6)

Where Eg o is the average width of band gap, cy the standard error. The optical absorption coefficient is derived as:

a(hco) = D 2(ho)). J(hco) (7)

Where D(ho)) denotes the optical transition matrix element:

( fl_[._ or e 2 / 1/2
D (h_0) = - 7- - 1_ _ c_(k)[

n/_ o (1)

To a fixed system and known optical transition,

(8)

D(ho)) ---->1/ho), thus, the relationship between absorption

coefficient (c 0 and indirect band gap (Eg) for amorphous semiconductor can be derived as:

( a h co ) 1/2 = B ( h co - E _ ) (9)

For hO)_> Eg, B is a constant. However, owing to the disorder characteristic of amorphous semiconductors

introduces distributions of tail states which encroach into the otherwise empty gap region, the optical transitions

involving the tail states are responsible for the tail in the optical absorption spectrum observed for photon energies

below the gap (hO) _< Eg ).

For the amorphous carbides, such as diamond-like amorphous carbon (DLC) thin films with the electronic state

configuration of sp3+sp2+sp I or surface doping modification of diamond crystals by ions, the spatial-resolution

optical absorption and fluorescence spectra show that the JDOS in amorphous carbon is of spatial dependence in

long distance [5]. The joint density of states decides the photoelectron transition and the electric conductivity of a-C

solid.
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UsingTaucapproximationandanewdefinitionofbandgap,therelativevalueofopticalabsorptioncoefficient
andbandgaphavebeenderived.Fromtheopticaltopographiesintransmissionmode,thenon-uniformityofatomic
configurationandelectronicstatesisrevealedinanytypeof amorphouscarboncomplex.Theindicationhasbeen
appliedtothesyntheticdiamondirradiatedwithlowenergyionatR.TandLN2ambient.

The"hoping"conductionof carrierandtheselectiveabsorptionof localstatesin carbonallotropesare
interpretedthroughthevariationofelectronicstates.Thelikelyenergybandstructureofamorphouscarbonsolidsin
short-distanceorderwithin'nanometer'scopehasalsobeendiscussedasfigure1.

In ourrecentinvestigation,the"localfeatures"of opticaldensityof thoseimpuritycontainedand/ or

irradiation damaged solids were experimentally resolved with a special optical topographical transformation and a

surface scanning method applied to tetrahedral covalent bond of carbon. The difference of relative optical gap over

all of bulk is associated with "local structure" of atomic bonding, which causes optical transition between localized

states, and some "color centers" are formed in dispersed sites. The photoluminescence and cathodeluminescence

emitted from modified "nano-volume" of insulator (SiO2, A1203, ZrO, etc.) is ascribed to localized band gap. The

conductivity of amorphous structure being larger than its host in crystal is taken as the decrease of tunneling

potential height, resulting in the increase of efficient carrier transport and the narrow of forbidden bands.

The impurity and defect in solids can induce a spatial distribution of electronic states as well as band gap (as

figure), so as to lead to the variation of optical and electrical properties.
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The distribution of optical gap for amorphous carbide.
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ABSTRACT

The close similarity of the atomic arrangement between graphite and hexagonal boron nitride (h-BN) indicates

the possibility of synthesizing BCN compound with probable properties variable between the two materials. The

ternary boron carbonitride (BCN) thin films were deposited by radio frequency (rf) reactive sputtering method. The

structure and composition of the films were determined by X-ray diffraction (XRD), Fourier transform infrared

(FTIR) and X-ray photoelectron spectroscopy (XPS), and the optical properties was measured by Ultraviolet-visible

spectoscopy. The bandgap measured varies from 0.27eV to 0.87eV with carbon source (methane) in the precursor

changing from 20% to 0. The electrical and optical properties were investigated by measuring the temperature

dependence of the conductivity. It is suggested from the experiments that there are two possible states that the

carbon may exist, namely as the dopant in h-BN when the carbon content in the films is lower, and the BCN alloy

when the carbon in the precursor is high.

Keywords: BCN films; Optical bandgap; Electronic properties

INTRODUCTION

The attraction of seaching for materials with hardness close to or higher than that of diamond, the hardest

material in the world, and the interest in the investigation of novel functional devices materials, open the door to the

study of the composite of the first elements in group III, IV and V, i.e. B, C and N. It is well known that diamond is

the hardest material in the world and cBN the second. Although theoretical prediction indicates that compound of

carbon and nitrogen, [_C3N4, may be even harder than diamond, there are still disagreements on this material (ref. 1

to 3). Firstly, most experiments on the attempt of preparing C3N4 obtained no stochiometric composition, the claims

of stochiometric materials are absent of confirmly evidence. Secondly, it is much difficult to acquire the crystalline

superhard phase. Thirdly, the experimental hardness was not such high. In addition, although physical properties

such as valumetric lattice energy, bulk modulus and shear modulus, ionicity (the harder the material, the higher the

covalency fraction in the bond), melting point and band gap are helpful to predict hardness (refs. 3 to 4), the

mechanical hardness appears to be in close relation to shear moduli. So the bulk moduli based prediction of C3N4

may be not such accuracy (ref. 3).

The ternary of boron carbonitride (BCN) is both scientifically and technologically interesting to material

researchers as cBN is isoelectronic material with diamond, and hBN is the isoelectronic with graphite, as well as the

atomic arrangement of cBN and diamond, hBN and graphite being similar. There are two modification of BCN, the

cubic phase (cBCN) and the heragonal one (hBCN). It is suggested that the cubic phase is supposed to be superhard,

with hardness similar to or over cBN. It's a favorable prospective superhard material as diamond can be alloyed with
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ferrouselementsinhightemperatureleadingtoitsdisabilityincuttingtheseelements,andthecompressivestressin
cBNfilmsis muchtoolargecausingitseasilyexfoliationfromthesubstrate.However,fabricationof BCNis
extremelyhard.Ontheotherhand,thehexagonalphasehasmanyinterestingproperties.Asiswellknown,graphite
issemimetal.Thereisaoverlapof0.04eVbetweenthevalencebandandtheconductionband.hBNisainsulator
withawidebandgapof largerthan3.8eV.hBCNissuggestedbyreplacingcarbonbyboronorbynitrogen,
respectively.Thegoodpropertiesof hBCNincludesemiconductivity,goodemissioncharacteristic(ref.5)
photoluminescence,andelectroluminescence,thermoelectricity,rectification,intercalation,resistantto oxides,
whichleadingtotheprobableapplicationsoflight-emittingdevices,thermoelectricconversiondevices,negative
electrodeof secondaryLi batteries(ref.6)andwear-resistantcoating.Thecompositionof B-C-Nsystemmay
writtenasBCxN,of wherex maybe0, 9,2, 2.5,3, 4, 7.(ref.7)BCNcompoundwasfirstsynthesizedby
Badzianetal(ref.8),usingCVDprocesswithBC13,CC14,N2andH2asthestartingmaterials.Kouvetakisetal(ref.6)
synthesizedBC2NusingCVDtechniquewithBC13andCH3CNasthestartingmaterial.Ontheotherhand,sincethe
reportofcarbonnanotubein1991(ref.9),BCNattractedmuchinterestandmanyattemptshavebeenmadetothe
goodpropertiesof BCNnanotubes.TheBCNnanotubesareconsideredpriorto thecarbononesasbandgap
independentofdiameter,chiralityandthenumberofwalls,whilecarbonnanotubecanbemetalorsemiconductor
bycontrollingofthediameterandchirality.Liuetal(ref.10)predictedthreepossiblestructureofBC2N,thatistype
I whichismetal,typeII withbandgapof1.6eVandtypeIII withbandgapof0.5eV.Kawaguchi(ref.11)reviewed
thepreparationmethodsofsomeBCNcompounds.

WeherereporttheelectricalandopticalpropertiesoftheBCNfilmspreparedbyrf sputteringtechnique.The
structureandcompositionof thefilmsweredeterminedbyX-raydiffraction(XRD),Fouriertransforminfrared
(FTIR)andX-rayphotoelectronspectroscopy(XPS),andtheopticalpropertieswasmeasuredbyUltraviolet-visible
spectroscopy.

EXPERIMENTAL

TheBCNfilmsweredepositedbyrf sputteringtechnique(ref.12).ThetargetwasasinteredhBNdiskwitha
diameterof 10cm,thepurityofthetargetis99.99%.Fusedsilicaandsinglecrystallinesi(100)waferwereusedas
thesubstrate.Thesubstrateswerecleanedinarigidprocessbeforedeposition.Thesubstrateswerecleanedwithan
organicsolventandthenetchedwith5%HFfor5min,thenrinsedwithde-ionizedwater.Thecleanedsubstrates
weredippedinthewater-freedethanol.Beforeputintothedepositionchamber,thewafersweredriedbyN2blowing.
TheworkinggaseswereAr andCH4.Thegasflowwascontrolledbythemassflowcontrollers.Theworking
pressurewaskeptat1Pabythevalve.Thesubstratetemperaturewas450°C,thedensityofrf poweris3.82W/cm2.
Thegrowthrateofthefilmwastypicallyaboutllnm/min.

RESULTS AND DISCUSSION

The XPS spectra show that there are more than one type of bonding scheme for B, C and N atoms, which are

the B-N, B-C, N-B, N-C bonds (ref. 13). (See Table 1)

XRD results indicate that the diffraction patterns are coincident with that of the reported BC2N. The lattice

constants are indexed to be a--2.4 and c--6.93.
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Table1.Bonding scheme for B, C and N atoms from XPS results

B1S C1S N1S

Literature (ref. 13) 189.5 284.4 398.7

Experimental 190.2 284.2 398.5

FWHM 3.2 2.8 2.6

Fitting 189.5 190.8 284.2 285.6 398.4 399.4

Assigning B-C B-N C-B+C-C C-N N-B N-C

Electrical properties

The resistivity was measured by the four-probe method with variation of temperature, evaporated A1 electrodes

of 3xlmm 2, with a distance about 2mm between each other. The relations of conductivity and temperature of two

samples, where the C contents are 31% and 38% respectively as determined by XPS, were shown in Figure 1. The

films were deposited at 5% CH 4 partial pressure, while the flow rate of Ar is 20sccm and 15sccm, respectively. The

curve in figure 1 indicates that the conductivity variation of both the films in the measured temperature coincident

with the Arhenlus equation. And at the identical temperature, the conductivity of the films with more C content

1E-5 - _... .....

1E-6 _ "_x"_e"¢-'_" _'_- _ _., b1F,-7

I_ 1F,-9
Ilim

1F,-1(} J "_'.r,.,,u" a

2.4 2.6 2.8 3.0 3.2 3.4

1000/T (K "l)

Figure 1. The relations of conductivity and temperature

(a: C content is 31%; b: C content is 38%)

(curve b) is higher than that with less C content (curve a). The conductivity at room temperature are 1.1x10-8(_2cm) -1

and 3.5x10-6(_2cm) -1, respectively. The activation energy calculated is 0.7eV for curve b and 0.8eV for curve a. Yao

et al (ref. 14) reported that when C content up to 50% in the BCN films, the resistivity at room temperature is lx10 -2,

and the activation energy is 0.11eV. It seems that the conductivity of the films increases with the C content. It is

suggested that when the C content is very low, the structure of hBN is not destructed, carbon in the films is dopped

to change the Fermi level of hBN, i.e. p-type when C substitute N and n-type when C substitute B. When the C

content is high enough to change the structure of hBN, then BCxN films will be formed. As the bandgap of hBN is

larger than 3.8eV, that of BC2N is 1.6 eV, the latter is semiconductive. That is to say, carbon in the films will change

the bandgap of the films, on the other words, the bandgap of the BCN films is adjusted by C content.

The Hall effect measurement shows that the films shown in figure 1 is p-type. The hole motivity and hole

concentration at different temperature was done on films deposited on fused silica substrate. It is shown in figure 2

that the hole concentration rises with temperature while the mobility decreases with temperature in large.
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Figure 2. The dependence of hole concentration and hole motivity on temperature

Optical property

The films were deposited at different CH4 partial pressure. The CH4 partial pressure of Sample a, b, c, d and e

is 0, 5%, 10%, 15% and 20%. The FTIR spectra of films were shown in figure 3. When the CH4 partial pressure is

larger than 10%, there appears a peak at ll00cm -1, accompany with the two peaks of hBN, which are the B-N-B

bending mode at 780cm -1 and B-N stretching mode at 1376cm -1. The 1100cm -1 peak maybe assigned to the vibration

of C-B bond is in the range of 1250-1380 cm -1, which is overlap to the B-N stretching vibration.

The absorption coefficient ct vs. Photo energy was plotted in figure 4. The bandgap can be acquired from the

curve c, d, e is 0.87, 0.70 and 0.27eV. It is clearly that the bandgap of the films decreases with the increase of carbon

.=

content.
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Figure 3. The FTIR spectra of films deposited at different CH4 partial pressure

CONCLUSION

We deposited the films with various carbon contents. The electrical measurement shows that conductivity of

the BCN films increases with the carbon contents, and the BCN films is semiconductive. Hall effect measurement
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indicatesthefilmsareofp-type.Thebandgapsofthefilmsdecreasewiththeincreaseofthecarboncontents.The
bandgapmeasuredissuggestedthatthecooperationcarbonin theBNfilmsinfluencesthepropertiesofthefilms
greatly.Whenthecarboncontentislower,thedopedhBNfilmsacquired,whilewhenthecarboncontentbecomes
larger,thestructureofhBNwillbesubstitutedbyBCN,andthebandgapbecomesnarrowsharply.
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Figure 4. The relation between photo energy and absorption coefficient
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Abstract

Relative stabilities and bulk moduli of monatomic structures with coordination numbers 4 (cubic
diamond or ed), 6 (simple cubic or sc), 8 (body-centered cubic or bee), and 12 (face- centered cubic or fcc) for
elements B, C, N, and 0 were calculated based on the first- principles. The structure for each element may be
stabilized by the geometrical matching between the coordinated positions and the orbital shape. Thus, all
elements favor loosely packed cd structure at low pressures, and they prefer moderately packed sc structure at
high pressures. However, denser phases with bcc and fcc structures may become more stable at much higher
pressures.

B has only three valence electrons that are insufficient to fill up all sp3 orbitals in a cd structure.
Moreover, these three p electrons can only flU half of the three mutually perpendicular bonds in sc structure. As
the result of reduced stabilities of cd and sc structures, relative stabilities of the four structures for B are less
distinctive.

C has four valence electrons that match perfectly with four tetrahedral coordinated atoms. Hence, its cd
structure is greatly stabilized by the extensive overlap of bonded electrons. As the result of this expanded region
of stability, the equilibrium pressure between cd and sc structures is pushed up substantially.

Both N and O have sufficient p electrons to align with octahedrally coordinated atoms. Hence, their sc
structures are greatly stabilized and the equilibrium pressures between cd and sc structures for N and O are
much reduced relative to that for B and C. The electron density maps of ed coordination for N and O suggest
that these monatomic structures may be isotropic superconductors.

Bulk modulus of a symmetric structure may be determined by the average concentration of electrons in
overlapped orbitals. C has the smallest atomic volume of the four elements studied, so it is uniquely capable to
form the cd structure with the highest bulk modulus (447 GPa) of all structures. Although C's p orbitals are not
fully occupied for effective bonding in octahedral coordination, its small atoms still make the bulk modulus of
the se structure the second highest (337 GPa) among various phases of the four elements studied.

Except for diamond, the structures discussed above are all hypothetical. However, they may be
synthesized by the bombardment of collimated beams of atoms focussed to a common center. Moreover, the
structures so formed, even though they may be metastable, can be studied by the laser spectroscope fired in
femtosecond (10 "_ second) bursts. Such femtochemistry has been developed by Dr. Ahmed Zewail, the latest
Nobel laureate.

Key Words: Diamond, Superhard .Materia!, Btqk .\!edu!us, Boron, Nitrogen, Oxygen
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ABSTRACT

We have been developing the mass producuon methods of nmlti walled carbon nanotubes (MWNT) We have :tevetcped
a method to produce several 10 reams of M\_'NT per day by continuous arc method which h_s the higher prodnctivib'
compared ruth the arc disct_rge method usecl from 1996. Furthermore, aiming at proceeding research and development
for the MWNT as the material for industry, we started to develop Ihe new productie_ method to produce severat kg eflhe
IVYO;NT. We have developed a cllemical syntheses method of MWNT by using tow boiling poit_l hydrocarbon as rite row
material and ultra fine metal particle as the catalyst We used ultra fine metal panicle as a catalyst metal and benzene as a
carbon source. Advantages of this method are selective production of MV_T and cost of mass production will be low. It
is quite easy for tlfis method to scale up the MWIVr production. We have developed l!te pilot p"lant uhieh is capable to
produce seveIal kg of MWNT per day.
In 1999. We started to construct the large scale experimental continuous reactor in cooperation with Shown Denko Co.
Ltd. as the Frontier Carbon Technology Project o[MinisttT of International Trading m:d l.}ldtk';lry (MITI), _itd _e
succeeded in producing 200g or-carbon naoolube per hour Now, we are cartTing out rite experiment usi:tg t!tis plant
(Figure 1) to m_e sm'e its possibility for industrial utilization and we are developing several industrial applications of
MWNT.

This work is supported by the Frontier Carbon Teehnclo_' Project of tl:e MIT1.

Keywordsl carbon nanotubes, mass productim:, synthesis

Figaro 1. The pilt_t plant [gr mass prod,action ofM_ ,rNT
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ABSTRACT

Recently, catalytic growth of carbon nanotubes has attracted considerable attention for its potential in

commercial production. We have been producing catalytically grown carbon nanotubes in large quantity for more

than a decade. Our process is based on chemical conversion of hydrocarbon feedstocks catalyzed by supported

transition metal catalysts. It is a simple petrochemical technology, producing high purity nanotubes of ten

nanometers or less in diameter and tens of microns in length. Due to their structural uniformity, our nanotubes are

ideal template and building blocks for new nanostructured materials. We have prepared highly crystallized SiC

nanofibrils by "topotactic" conversion of carbon nanotubes. The average diameter of SiC nanofibrils is 15 nm. A

novel carbon structure has been engineered from nanotubes through a wet chemical process. This new carbon has an

open frame porous structure, excellent thermal and chemical stability; and more significantly, it is free of

micropores. The later property is important for the development of catalysts with high selectivity and energy storage

devices with high power. The new carbon has been prepared in various physical forms, including particles,

extrudates and membranes (sheet), to meet specific requirement of different applications. Electrochemical capacitors

based on nanotube membrane electrode showed unprecedented power performance. ARC constant of 7 milliseconds

was measured from a ten-cell device, which is approaching the value of electrolytic capacitors. We have prepared

nanotube-polymer nanocomposites by in situ polymerization. Electrical measurement showed that a conducting

network can be formed in polymer matrix at very low nanotube concentration. A resistivity of 650 _-cm was

measured from a nanotube-polystyrene nanocomposite containing 0.1% nanotubes. Note that, to reach the same

conductivity, a considerably higher loading is required if current commercial conductive additives, such as carbon

blacks, carbon fibers and steel fibers, was used.

INTRODUCTION

Since the discovery of arc-grown carbon nanotube in 19911, considerable efforts have been made to the

development of methods for its large-scale production. To date, the arc-grown method has not yielded large

quantities of nanotubes uncontaminated by other forms of carbon. The other method, laser ablation of graphite

target, had only limited success in production of gram-quantity of single-walled nanotubes. Recently, attention has

been attracted to catalytic growth method.

We have been producing catalytically grown carbon nanotubes in large quantity for more than a decade 2'3.

This has made it possible for us to develop various applications, which require bulk quantity of nanotubes. In this

presentation, we will discuss properties of Hyperion carbon nanotubes and several new nanomaterials prepared from

nanotubes.

HYPERION CARBON NANOTUBES

Hyperion carbon nanotubes are produced by catalytic decomposition of hydrocarbons. It is a simple

petrochemical technology, producing high purity carbon nanotubes of ten nanometers or less in diameter and tens of

microns in length. The microstructure of Hyperion nanotube is similar to that reported for buckytubes, i.e.

cylindrical graphitic layers arranged parallel to the tube axis with a distinctive hollow core (insert in Fig. 1).

Hyperion carbon nanotubes are produced in several different forms of aggregates. Fig. 1 shows one type of

aggregates in which nanotubes are arranged semi parallel to each other to form bundles with diameters from one to

two microns and lengths about twenty microns. The tubes can be dispersed in suitable solvents. A TEM micrograph

from dispersed tubes is showed as an insert in Fig. 1. Table 1 compares properties of Hyperion nanotubes to those of

arc-grown multiwalled buckytubes. In several ways, properties of Hyperion nanotubes are unique. These properties,

including high purity, uniform diameter, high concentration of the edge carbons on the surface and loose powder

morphology, are ideal for new nanomaterials synthesis.
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Fig. 1. SEM micrograph of aggregates of Hyperion

nanotubes. Multiple tubes are arranged semi-parallel
to each other to form bundles with diameters between

1 and 2 gm and lengths around 20 gm. Inserts: High

resolution TEM micrograph of a section of a single

nanotube; TEM micrograph of dispersed nanotubes.

Average diameter is -8 nm.

Table 1. Comparison of properties of Hyperion nanotubes to those of multiwalled buckytubes

Hyperion nanotubes Multiwalled Buckytubes

Produced in loose powder form (0.05-0.1

g/cc), can be dispersed

• High tube purity, nearly 100% carbon is in

tube form.

• Uniform diameter, average around 8 nm.

• Curved and bent

• Crystallized with lots of defect

• Easy to scale up, can be produced at low cost

• Produced as a hard cathode deposit, very

difficult to disperse

• Contain substantial amount of other carbons

• Wide diameter distribution

• Straight

• Highly crystallized, nearly defect free

• Difficult to scale up at low cost

NEW CARBON STRUCTURE FROM CARBON NANOTUBES

For many applications in the areas of catalysis, separation and energy storage, it is highly desired to have

carbon structures with properties, including mesoporosity, narrow pore size distribution, high surface area, defined

surface functionality, and high mechanical and chemical stability. Using Hyperion carbon nanotubes as starting

building blocks, we have successfully prepared a carbon structure, which meet such requirements. The new carbon

can be prepared in forms of extrudates for catalyst support, particles for chromatographic separation medium, and

sheet electrode for high power energy storage devices. Fig. 2A shows SEM micrographs of extrudates.
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Fig. 2A&B. SEM micrographs of bimodal pore structure of extrudates prepared from nanotubes, inserts: 2 mm

diameter extridates and pore structure of grains; BJH desorption cumulative pore volume of extrudates prepared

from nanotubes.
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Theextrudateshaveabimodalporestructure,macroporesbetweengrainsandmesoporesinsidethegrains.The
mesoporesarewell-connectedspacesinthenetworkofintertwinednanotubes;hencetheyhavelowpore-resistance
forchemicaltransport.Fig.2BshowsaBJHcumulativeporevolumeplot.Itcanbeseenthatthestructureisnearly
freeofmicropores.Thesurfaceareaoftheextrudatesis341m2/g.Thetotalporevolumeis0.87cc/g.

Fig.3AshowsaSEMmicrographofnanotubesheetelectrode.Incontrasttoextrudates,it waspreparedto
havemesoporesonly.Electrochemicalcapacitors4-8fabricatedwithnanotubeelectrodesshowedunprecedented
powerperformanceandfrequencyresponseproperties.ARCconstantof7millisecondswasmeasuredfroma10-
celldevicewithsulfuricacidastheelectrolyte.Thedevicehadacapacitanceof 0.22F,anequivalentseries
resistance(E.S.R).of0.033_ andanoperationalvoltageof 10V.It hadexcellentenergystorageefficiency;all
storedenergywasavailablefordischarginguptofrequencyof189Hz(Fig.3B).

-0.10

_I08

_" -0.08

o
N _.04

-0.02

/

0.00 ' ' ' _ ' ' /' _ ' ' ' I ' ' ' _ ' ' '
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Fig. 3A&B. SEM micrograph of a nanotube electrode; Complex-plane impedance plot of a 10 cell electrochemical

capacitors fabricated with nanotube electrodes.

NEW NANOMATERIALS PREPARED USING NANOTUBES AS TEMPLATES

Because of their unique properties, Hyperion carbon nanotubes are ideal templates for new nanomaterials

synthesis, in particular, high temperature ceramic materials. We have showed that large quantity of SiC nanofibrils

(Fig. 4A) with diameters around 15 nm can be prepared by direct reaction of Hyperion nanotubes with SiO vapor at
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Fig. 4A&B. SEM micrograph of SiC nanofibrils prepared by reaction of Hyperion nanotubes with SiO vapor, insert:

TEM micrograph of SiC nanofibrils, the average diameter is -15 nm; SEM micrographs of Si3N4 nanowhiskers,

insert: electron diffraction pattern of a single whisker. The zone axis is [2110].
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high-temperature7. Thereactionwascontrolledsuchthatdiffusionwasprimarilylimitedto thedirection
perpendiculartotheaxesofnanotubestoachieveapsuedo-topotacticconversion.TheSiCnanofibrilshaveahighly
crystallizedmultigrainstructure,whichwereformedbybondingsinglecrystalneedles(grains)atends.Wehave
alsopreparedo_-Si3N4singlecrystalnanowhiskers(Fig.4Banditsinsert)bycarbothermalreduction-nitridationof
SiOusingnanotubesasstartingcarbonmaterials8.Diametersofwhiskerswerefrom20nmto200nm.Webelieve
thatstructuralnatureofournanotubesandtheiraggregatesplayedanimportantroleincontrolofthediametersof
nanowhiskers.

NANOCOMPOSITESBASEDONNANOTUBES
Fig.5showsaschematicpreparationprocedurefornanotube-polystyrenecomposites.Compositeswith0.1

to12%nanotubeswerepreparedbydispersingnanotubesinstyrenemonomerfirst,followedbyin situ bulk

STYRENE MONOMER & HYPERION NANOTUBES

Dispersing

A dynamic Nanotube
network filled with

styrene monomer

Polymerrization

Polystyrene chains Nanotubes

Nanotube-polystyrene

composite in which

nanotubes are highly

dispersed.

Fig.5. Schematic diagram of preparation procedure for nanotube-polystyrene composites.

Table 2. Resistivities of nanotube-polystyrene composites

PS-Nanotubes (f_-cm)

Nt (%) in situ Polymer Solution Mix Latex Mix

0.10 650

0.25 101.8 ---

0.5 15.8

1.0 8.8

2.0 ---

4.0

12 0.18

IM

>108 ......

>108 ......

14950 263 >108

330 ......

Nylon 6-6/CF PC/CF Nylon 6-6/CB

>108(7%) 104 (10%) 106(3%)

104(15%)
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polymerization.TGAanalysisofcompositesshowedthatanear100%monomertopolymerconversionwas
achieved.Glasstransitiontemperaturesfrom97to99°CweremeasuredbyDSC,whichsuggestedhighmolecular
weightwasobtained.Table2comparesresistivitiesofnanotube-polystyrenecompositestothosemeasuredfrom
compositespreparedbysolutionmixing,latexmixingandinjectionmolding.Resistivitiesofseveralnylon66-
carbonfibers/carbonblack,polycarbonate-carbonfibercompositesarealsolisted.It showsthatnanotubeshave
greatconductingnetworkformingability.However,totakeadvantageofit,agreateffortisneededtodispersethem.
It isremarkablethatataloadingleverof0.1%,aresistivityof650_-cmwasmeasured.
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ABSTRACT

For the purpose of understanding the mechanisms of buffer gas effect on the yields of carbon clusters in the gas

evaporation synthesis using D.C. arc discharge, a residence time of cluster in high temperature state was calculated in

a simplified process where a single cluster was emitted from the arc and dispersed in the buffer gas. The results for

C60 dispersion in helium showed that in the case where the thermal convection could be excluded such as a synthesis

under micro-gravity condition, the residence time increased monotonously with the gas pressure, while in presence of

thermal convection such as in the case of synthesis on the ground, the residence time became maximum at the

pressure range of 0.2 - 0.3 atm and decreased with pressure in higher pressure region. Since the residence time was

considered to be a good index of attainable clusters growth stage, it was suggested that under high pressure condition

where the thermal convection became significant, the progress of growth processes of particularly large size clusters

was greatly inhibited by the effect of thermal convection. Based on this idea, a simple model was proposed to explain

experimentally observed buffer gas effects on the clusters yield.

Keywords: fullerenes, nanotubes, arc, convection, micro-gravity.

INTRODUCTION

It has been known that the yields of carbon clusters in the gas evaporation synthesis using D.C. arc discharge

were remarkably influenced by both species and pressure of the buffer gas (ref. 1). Understanding the mechanisms of

this buffer gas effect has been required to improve the efficiency of synthesizing various types of carbon clusters

including fullerenes and nanotubes. For this purpose, the effects of convective transport on the clusters yields were

experimentally examined by using micro-gravity facilities (refs. 2, 3). In this paper, we calculated the temperature

histories of the clusters in a simplified vapor dispersion process where single cluster was emitted from the arc and

dispersed in the buffer gas. The purpose of this calculation was to examine the buffer gas effect from the viewpoint

of a residence time of the cluster in the high temperature state which was necessary for clusters growing processes to

be promoted. Calculated residence time was considered to be a good index of attainable clusters growth stage, which

strongly influenced the cluster compositions of final products.

MATHEMATICAL METHOD

Calculations were performed in the following two steps. Firstly, velocity
and temperature distributions of the buffer gas in the gas evaporation vessel

were calculated under the boundary conditions of the cylindrical vessel of

100mm in the diameter and 100mm in height including the D.C. are which was

expressed as a heat source of 5000K as shown in figure 1. Calculations for both

helium and argon as typical buffer gases were conducted with a computer code

developed by using SIMPLE (Semi Implicit Method for Pressure Linked

Equations) technique (ref. 4). This code can deal with the time dependent

axisymmetric laminar flow of viscous fluid with variable density. With this

code, solutions of velocity, temperature and density are obtained at 40 x 20

grid points on the plane including the axis of rotation.

In the second step, the temperature histories were calculated for two

I t00mm [

Figure 1. Boundary conditions
of the gas evaporation vessel

using D.C. arc discharge.

NASA/CP--2001-210948 657 August 6, 2001



differentsizedclusters,C2andC60,whichwererepresentingtypicalclustersexistingin thecarbonvapor,ina
simplifiedvapordispersionprocesswherethoseclusterswereemittedfromtheareattimet=O and dispersed

independently in the buffer gas. The probability density _pof cluster location at a certain time t was calculated by

O_o __Vr_____+ Vz ___.___:div(Dgrad_), (1)
_t or oz

with a condition of cluster preservation,

fIj dv=l, (2)
where vr and vz were r and z components of steady state gas velocity calculated in the previous step, dv was a

volume element. Integration in equation (2) was done over the whole volume in the vessel. D was a diffusion

constant of cluster in buffer gas under the solid body collision approximation (re£ 5) given by,
3

where T and P were temperature and pressure of the gas, N_ and/ca were Avogadro's and Boltzmann's constant, rg

and mg were radius and atomic weight of buffer gas atom, and rc and me were radius and molecular weight of cluster
approximated by spherical shape. Then, the cluster temperature Tct_,e,, which was 5000K at t=O, was calculated by
using the probability density as

Tr,.... = IIIT._.dv" (4)

Integration in equation (4) was done over the whole

volume in the vessel. Tct_t,r was a decreasing function

of time. Finally, a residence time _'was defined as the

time required for Tct,_t_ to change from 5000K to

1500K which represented the lower limit of high

temperature state which was necessary for the clusters

growth to be promoted (ref. 6).

RESULT AND DISCUSSION

Figures 2(a) and 2(b) showed the typical results

of velocity and temperature distributions in a steady

state under three different buffer gas conditions. The

velocity results showed strong dependency of

convection strength on the density of enclosed gas.

The maximum convection velocities which appeared

near the arc surface in cases of helium 0.1 atm,

helium 1.0 arm and argon 1.0 atm were calculated to

be 0.21, 0.94 and 1.13 m/s, respectively. In the same

order, the radii of high temperature zones which

could be approximated by spherical shape as shown

in figure 2(b) were 13.5, 8.8 and 7.3mm, respectively.

Figure 2(c) showed the probability densities of C60

location at t=_. It was shown that the probability

densities under three different buffer gas conditions

had different distributions although they gave same
values of Tcluster.

The pressure dependencies of the residence time

"t'of C2 and C60 were shown in figure 3, where results
of diffusion-only case which corresponded to the

micro-gravity condition where the effeet of thermal

convection could be excluded were also plotted. In

the diffusion-only case, v was almost linearly

increasing function of pressure. This indicated that

without the thermal convection, the cluster growth

Heat ::=::==:-::7::::

sooroo      i!iiiiii
asAre 'i!ii[l_i

\ iilii
(a)

................!!

High

Temp.

Zone

1500-

5000K

(b)

x=33ms

(c) __.OOl

He 0.latin He latin Ar latin

Figure 2. Calculated results : (a) flow velocity;
(b) temperature; (c) probability density of C6o
location cluster for T¢t,,_,,= 1500K at t=-_;
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Figure 3. Pressure dependencies of the residence time _"

of Cz and Cso in helium and argon.

could simply progress to higher stage as the gas pressure increased. On the other hand, in presence of thermal

convection, the value of r showed remarkable shift to smaller value compared with diffusion-only case in the

pressure region more than 0.1 atm for helium and 0.02atm for argon. Furthermore, in the ease of C60, rbeeame a

decreasing function of pressure in the pressure range more than 0.3atm for helium and 0.05atm for argon. Although

the physical meanings of the differences between helium and argon in the pressure dependencies of rwere not clear,

the results suggested that under particularly high pressure condition, the progress of clusters growth process

involving large size clusters was greatly inhibited by the effect of thermal convection.

To relate above considerations with experimentally observable pressure dependencies of the clusters yields, a

simple model of the pressure dependency of cluster size distributions in the final products was developed. Here, the

cluster size meant the approximated radius of the cluster. Following two assumptions were introduced. The first was

that the size distribution was described by a normal distribution function with a constant relative variance, o/d=const,

where o and d were the standard deviation and the mean cluster size, respectively with reference to experimentally

observed size distributions of fine carbon particles produced by the thermal decomposition of benzene (ref. 7). The

second assumption was that the mean cluster seize simply increased as the growth process proceeded. Using those

assumptions, the contour maps of the clusters yield as a function of both cluster size and gas pressure were

schematically plotted in figures 4(a) and 4(b). Figure 4(a), corresponding to diffusion-only case, showed that the

mean cluster size increased monotonously as the gas pressure increase. On the other hand, figure 4(b) showed that in

presence of thermal convection, the mean cluster size shifted to smaller size compared to the diffusion only case and

became a decreasing fimetion of pressure in high pressure region. From this model, yield of certain cluster could be

derived as a function of gas pressure. Characteristic results for two different sized clusters were shown in figures 4(c)

and 4(d). In the case of cluster of size dl, the yield became maximum at almost the same pressure in both diffusion-

only case and convection existing case. In higher pressure region, the yield decreased monotonously with pressure in

diffusion-only case. On the other hand, in convection existing case, the yield kept higher level and increased again

/,.,oi.u.iono 
d2 .................

>-

(c) dl Yield
Diffusion+

_:_,. Convection

BufferGas Pressure

Figure 4.

(b) Diffusion+ Convection

(d) dzYield

Diffusi%nlY
Diffusion÷ ............. _.

Convecti%_ ...........

Buffer Gas Pressure

Simple model of the pressure dependency of cluster size distributions in

the final soot products and derived clusters yields as a function of pressure.
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with pressure. Experimentally observed pressure dependency of C60

yield in helium was shown in figure 5 in comparison with that obtained

in micro-gravity condition using free-fall facility (ref. 2). It was found

that the observed difference between 1-g and 0-g condition in the

pressure dependencies of yield was consistent with our model as shown

in figure 4(c) except that the second increase of the yield in convection

existing ease was not confirmed in the ground experiment shown in

figure 5.

Figure 7(d) showed another important result in the case of larger

cluster of size d2 that the maximum yield in convection existing case

was extremely small compared to that in the diffusion-only case. This

meant that the growth of clusters of particularly large size was strongly

inhibited by the effect of thermal convection. To generalize this result,

it was suggested that the thermal convection might be a serious obstacle

for effective synthesis of all clusters whose growth processes required

long residence time of their precursor clusters.

0.0

' I ' I ' I ' I ' I ' I

• Ground (l-g)

0 Free fall (O-g)

°°•0_•

• OOOOl

0 •0

0
0

, I , I , I , I . I , I

0.2 0.4 0.6 0.8 1.0 1,2

Initial Helium Pressure/(arm)

Figure 5 Observed pressure
dependencies of C_o yields in helium by
ground (normal gravity) and free-fall
(micro-gravity) experiments (ref. 2).

CONCLUSION

By calculating a residence time of cluster in high temperature state in a simplified process of gas evaporation

synthesis using D.C. arc discharge, it was revealed that the thermal convection had an effect in obstructing the

progress of clusters growth particularly involving large size clusters. A simple model of the pressure dependency of

cluster size distributions in the final products developed based on those results could explain experimentally

observed effect of micro-gravity on the pressure dependence of C6o yield. According to this model, it was concluded

that for the effective synthesis of clusters whose growth processes were considered to require long residence time of

their precursor clusters, such as large size fullerenes, endohedral metallofullerenes and single-wall nanotubes, the

thermal convection might be one of the important factors to be controlled.
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Abstract

A boron-doped multi-walled carbon nanotube/polystyrene composite exhibits relatively low electrical resistance,

accompanying by minor variations in conductivity, when compressed or bent.

Introduction

Recently, boron-doped multi-wailed carbon nanotubes (BMWCNs), have been produced by an arc discharge process. The

boron content is ca. 1% by wt, as revealed by EELS[I,2]. Two features readily distinguish multi-walled carbon nanotubes

(MWCNs) from BMWCNs. (a) The conductivity of BMWCNs is greater than the MWCNs, and (b) the BMWCNs are

longer[I,2]. It is believed that boron acts as a catalyst in the arc, networking preferentially at the tube tip. In this paper,

conducting composites of MWCNs/or BMWCNs and polystyrene were produced and the resistance of both composites was

found to be relatively lower than that of a carbon black-polystyrene composite; in particular, the minor variations in

conductivity were apparent when both composites were subjected to mechanical loading.

Experiruental

MWCNs and BMWCNs, produced in the arc discharge, were subject to mild oxidation and filtering in order to remove

polyhedral particles[I,2]. TEM revealed that carbon particle content was relatively low, compared with unoxidised materials.

Nanombe-polymer composites were produced by mixing MWCNs and BMWCNs respectively with a solution of polystyrene

(2g, Aldrich, UK) in toluene (20-30 cm 3) in various percentages (i.e. 2.5, 5, 7.5, 10 and 12.5 %, polymer carbon content, by

weight). The toluene solutions containing nanotube and polymer suspensions were ultra-sonicated (10 rain), then transferred

to a Petri dish (9 × 1.3 cm) and the dish was subjected to a vacuum (10 2 torr) in order to remove the toluene. The residual

MWCN and BMWCN-films (ca. 0.3 mm thick) were detached from the dish using a scalpel. A hot compact carbon

black-based composite polystyrene (HCCBCP, 1 mm thick) was purchased (Goodfellow, UK) in order to mmke comparison

with nanotube-polymer composites. The carbon-to-polymer ratio in this commercial product is possibly 1:1 (wt), which is

commonly found in industry. A 1 mm thick BMWCN-film (12.5 %, polymer carbon) was also made for comparison with the

HCCBCP-film. Due to the elongated nanotube structure, the differences in morphology between the MWCNs (or BMWCNs)

and the polymer can be easily distinguished by SEM and TEM. For AC impedance measurements (Solartron 1260 Frequency

Response Analyzer) at room temperature, two- and four-probe geometries were employed. The composite films and

electrodes were assembled so that the film was sandwiched between two Al-discs (1 cm, diam) suitable for a two-probe test

(Fig la). A ca. 20 kg load was then applied to the discs. For the four-probe test, the film was sandwiched between two

fibre-plastic plates (Tufnol, RS, UK), one of which contained four aligned needle-like Cu screws (ca. 0.5 cm apart). The

plates were tightened and the Cu-electrodes were screwed down so as to maximize contact with the film (Fig lb). For two- or

four-probe tests, the samples were examined under loading (vide supra). The film bending test was carried out using silver

wire electrodes (3 cm apart), attached by means of silver paint to the films (1 × 5 cm), so that each film could be bent

manually and reversibly during multiple meter monitoring. The bending angle lay in the 0-45 ° range.
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Fig 1. (a) Two-probe measurement device,(b) four-probe measurement device.

Results and Discussion

Fig 2 shows an SEM image of a BMWCN-film (cross-section, 0.3 mm). The film thickness is fairly uniform (Fig 2a) and its

internal structure consists of small dark voids, surrounded by a white composite matrix (Fig 2b). Fig 3 shows typical SEM

and TEM images of BMWCNs in the polymer. The tubes are arranged at random within the matrix (Fig 3a). Tube-tube

contact, either via tube bundling or tube-tube crossing, is evident (e.g. Fig 3b), and the electrical conducting path is therefore

established. TEM also reveals the presence of polymer-coated nanotubes (arrows, Fig 3c), the coating influencing the

tube-tube contact structure. First, if the individual tube surface coatings are established after tube-tube contact, the tube-tube

contact structure will be strongly maintained. Second, if the nanotubes are coated before tube-tube contact, the coating

prevents electrical contact between adjacent tubes.
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Fig 2. (a) SEM images of BMWCN-f'dm cross section, (b) Enlarged SEM image of (a).

Various electrical contacts exist in the polymer matrix, including tube-tube, tube-particle and particle-particle. However, the

tube-tube contact dominates, because the quantity of particle present is limited by oxidation. The resistivity along the c-axis is

ca. 3-4 orders of magnitude greater than along the in-plane direction (10 6-10a fl.m) in graphite, due to the difficulties in

promoting electron flow across the 3.4 A layer separation. Nanotubes in contact (i.e. basal plane contact) implies that the

electrons flow within the polymer matrix via routes of lowest resistance. Fig 4 shows the surface morphologies of

BMWCN-films (0.3 mm thick), top and bottom faces respectively, for various concentrations of nanotubes. Based on Fig 4, a

few distinguishing features became apparent as the electrical resistance changed. (a) At low concentrations (i.e. 2.5-5 %), the

difference in resistance between the top and bottom faces is ca. one order of magnitude, which is also reflected in the

different morphologies seen in Figs 4a and c (top faces) and Figs 4b and d (bottom faces). In Figs 4a and c, the surface

morphology consists of white islands, surrounded by dark regions. The largest island is ca. 0.5-1.2 _tm wide. The bottom face

morphology (Fig 4b and d) is similar to sand-paper surfaces. We did not observe nanotubes protruding from the top and

bottom faces; in fact the nanotubes are likely to be embedded in the polymer with either tube bodies or tube tips partly

exposed to air.
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A B
Fig 3. (a) SEM image of BMWCNs in polystyrene; (b) TEM image of BMWCNs in polystyrene; (c) TEM image of

polymer coated MWCNs (arrows). Insert: enlarged TEM image of coated MWCNs. Large arrow: polymer coating.

Arrow A: central core of carbon nanotube. Arrow B: carbon nanotube surface. The fringe contrast is darker in the

coated carbon nanotube body than in the coating polymer.

The formation of sand-paper surface-like structures (bottom face) possibly reflects the presence of denser nanotube

aggregates, due to nanotube settlement during film formation. The white and dark regions seen in the top faces (Fig 4a and c)

are either tube-rich or tube-poor, however we were unable to locate tube-rich regions by SEM. The surface morphology of

both top and bottom faces is essentially the same when the BMWCN concentration exceeds 7.5 % (Fig 4e-h). In other words,

nanotubes are evenly spread throughout the polystyrene matrix. The 1 mm thick BMWCN-film exhibits a similar

phenomenon when present to the extent of 7.5 %.

3. Impedance measurements

a. Compression

Fig 5a-c shows two-probe impedance spectra of MWCN and BMWCN-films (0.3 mm thick) under 20 kg loading, together

with 1 mm thick BMWCNs and HCCBCP-films. The HCCBCP impedance varies within the 103 - 105 _ range for all

frequencies (100-10,000 Hz) (Fig 5a). Variation begins at ca. 12,000 _ (10,000 Hz, arrow 3, Fig 5c), and gradually
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Fig 4. SEM images of top and bottom face morphologies with various BMWCN

content: (a-b) 2.5 %; (c-d) 5 %; (e-f) 7.5 % and (g-h) 10 %.

increases to 38,300 _ at 260 Hz (arrow 4, Fig 5c). The impedance eventually reaches 36,600 _ (arrow 5, Fig 5c).

Nanombe-based composite films exhibit relatively low impedances (2-5 × 102 _) without significant variation in conduction

(Fig 5a and b). The BMWCN-films, either 0.3ram (175 _) or 1 mm (450 _) thick, exhibit an impedance one order of

magnitude lower (Fig 5b) compared to MWCNs (3,000 _). Small humps are distinguishable in the MWCN-films (arrows 1

and 2, Fig 5c). Unfortunately, four-point impedance measurements could not be carried out on the thin MWCN and

BMWCN-films (0.3 mm thick), due to film penetration by the Cu needle electrodes. Fig 5d shows the results of four-probe
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measurementsonthe1mmthickBMWCNandHCCBCPfilms.TheimpedanceoftheHCCBCP-filmvariesdrastically,in
markedcontrasttotheBMWCN-film(700_,correspondingto3.2_.mresistivity).
b.Bending
ThevariationinHCCBCPresistancebecomessignificantwhenthefilmisbent,theamplitudebeingonetotwoordersof
magnitude.ThevariationinBMWCNresistancelieswithinthe10-30_ rangewhenthefilmisbent.
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Fig 5. (a) Two-probe impedance spectrum of carbon materials labeled. Iz l is the impedance module. (b) Enlarged

impedance spectra of two BMWCNs-films of (a). (c) Enlarged impedance spectra of HCCBCP and MWCN-films of

(a). (d) Four-probe impedance spectra of HCCBCP and BMWCN-films (both 1 mm thick).
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Network formation, via tube-tube bundling and crossing within the polymer matrix, results in relatively low resistance at low

polymer carbon percentages (10-12.5 %), as compared with spherical carbon particle-based conducting polymers (30-50 %

commonly found in industry). This conducting network is robust and is less segregated than the spherical carbon particles

when loaded. We assume that the pressure applied (20 kg) to the composite film induces small polymer creep during

impedance tests. The spherical carbon particles segregate and aggregate simultaneously in the presence of creep, resulting in

conductivity variation (HCCBCP-film, Fig 5a and d). Tube-tube detachment or separation is difficult. For example, the

surface coating (insert, Fig 3c), maintains tube-tube contact to some extent in the presence of loading. According to previous

reports, tube bending in the polymer has been observed (Fig 3b) and prevails when the polymer matrix is loaded. Meanwhile,

when the robe-polymer composite is compressed, transference of the load from the matrix to the robes results only in outer

shell tube stress[3]. In other words, the tube-tube is able to maintain contact with minor-distorted outer shells. The drastic

variation in the HCCBCP impedance profile (Fig 5c and d) mainly arises from the presence of a capacitor component: (a)

Carbon black consists of graphitic domains within the particle walls, which lower the electrical resistance. In other words, the

electrical resistance in the particle will be much lower than the particle-particle contact resistance (ca. two/three orders of

magnitude difference). Consequently, a capacitor-like structure is produced, i.e metal/insulator/metal (particle/contact

resistance/particle). The presence of the capacitor component will influence the impedance profile. According to the

following equation, the impedance Z = [R: + (XL-Xc):] m, (R = resistance, XL = inductive reactance, Xc = capacitive
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reactance).If thecompositefilmcontainsbothcapacitorandinductorcomponents,i.e. XL ¢ 0, Xc ¢ 0, then the impedance

profile is non-linear. (b) Carbon-black usually contains heteroatoms (e.g. H, O and S), which form metallic or insulating

islands within the particles, or in the carbon lattice. If metallic islands (e.g. odd-alternate g-type radicals) are formed, the

charge carriers travel via tunneling from one metallic island to another[4]. Accordingly, the capacitor-like structure (metallic

island/contact resistance/metallic island) is also generated within aggregated particles. For the MWCN- and BMWCN-films,

the presence of a linear and horizontal impedance profile is indicative of the intrinsic resistors, i.e. XL= Xc = 0, and Z = R.

The geometry of two- and four- probe measurements may also give rise to variation in the impedance profile, due to contact

resistance between film and electrodes. In the two-probe test, the film surfaces were entirely covered by an A1 disc, which

minimizes the contact resistance. In the four-probe tests, four aligned Cu needle electrodes were brought into contact with the

film. If the distribution of the carbon component around the Cu electrodes is non-uniform, the contact resistance increases.

This contention is supported by the presence of less variation in two-probe impedance profiles than in the four-probe system

(HCCBCP-film, Fig 5a, d). However, the BMWCN-film exhibits linear and horizontal impedance profiles, either in a two- or

four- probe test, implying the presence of uniform robe distribution in the polymer. The lower impedance in the

BMWCN-film, compared to the MWCN-film, arises because boron-doping of carbon nanotubes results in increases in charge

density on CNs. The BMWCNs exhibit lower resistivity, in bulk and in polymer, indicating that electrical conduction within

the polymer is actually established via individual tube-tube contact, not via electron hopping from tube to tube. As described

above, nanotubes are intrinsic resistors, therefore the conducting network in the matrix can be expressed as a combination of

resistors in parallel (1/R_ff = l/R1 + l/R2 .... i.e. tube bundling) and in series (Reff = R1 + R2 .... i.e. tube-tube crossing); R1,

R:... represent individual nanombe resistors. If electron hopping from robe to robe is present as a major conduction

mechanism, then the intrinsic resistance of the tube (i.e. Rn, n = 1, 2...) will not significantly contribute to the Reff value,

either in parallel or in series. In other words, the R_ff value of the BMWCN-film will not differ significantly from that of the

MWCN-film, as long as the carbon content of both composites is identical. In practice, the Reff value of the BMWCN-film is

one order of magnitude smaller than the Reff value of the MWCN-film, indicating that individual tubes contribute to the

overall R_ff. The BMWCNs are much longer than the MWCNs. The longer tubes lead to preferential networking and

percolation in the polymer at relatively low concentrations. The presence of a small variation in the MWCM-film (arrows,

Fig 5c) possibly arises as follows. The bulk MWCNs contain both semiconducting and metallic tubes, the former exhibiting a

0.1-1 eV band gap. The MWCN tube-tube contact in the polymer is established via combinations of (a)

metallic-semiconducting tubes, (b) metaJlic-metaJlic tubes and (c) semiconducting-semiconducting tubes. When the current

flows between (b) and (c), a capacitor-like structure is produced.
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ABSTRACT

The magnetic coupling between carbon nanotubes filled with magnetic elements, which is assumed to be of the
indirect type, is shown to lead to ferromagnetic ordering for arrays of both metallic and semiconducting carbon
nanotubes filled with elements of magnetic transition and rare-earth metals. The critical temperature and
spontaneous magnetization are determined.

The most significant findings of this study are that metallic and semiconducting carbon nanotubes filled with
magnetic elements can be turned into magnetic materials which, depending on the nature and concentration of the
magnetic elements, can be ferromagnetic at room temperature. This creates the possibility of new, artificial
magnetic materials that possess the remarkable mechanical electronic properties of pure carbon nanotubes.

Key words: Carbon nanotubes, direct and indirect magnetic coupling
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"LITHIUM STORAGE IN NANOMATERIALS"
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In this talk we present recent results on the effects of processing on the Li storage

capacity of SWNTs. Electrochemistry and solid state nuclear magnetic resonance

measurements show that the reversible Li storage capacity &purified SWNTs
increased from LiC6 to LiC3 after chemically etching. All the SWNTs become

metallic upon Li intercalation with the electronic density of state at the Fermi

level increasing with increasing Li concentration. We will also present results

from electrochemical, x-ray and Raman studies of Li reaction with nanostructured

Si (n-Si). The energy barriers for formation of Li-nSi alloys are significantly

reduced. Reversible electrochemical reaction takes place at room temperature,

400K below what is possible for bulk Si. The high Li concentration and low

electrochemical potential with respect to Li/Li ÷ make n-Si attractive for Li storage
applications.

Work done in collaboration with B. Gao, H. Shimoda, X.P. Tang, A.

Kleinhammes, S. Sinha, L. Fleming, J. Owens, L.E. McNeil and Y. Wu.
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ABSTRACT

We have investigated key factors for electrochemical hydrogen storage in singlewalted carbon nanotubes

(SWCNTs) to improve storage capacity by controlling the amount of transition metals during synthesis and post-

annealing process. The influence of morphology and crystallinity of SWCNTs on the storage capacity is also

studied. With increasing the amount of transition metals, the capacity of hydrogen storage in SWCNT is improved,

due to transition metals acting as conducting agent. The plateau region in the discharging voltage profile extends

with increasing the oxidation time at 300 °C in air. The elevation of annealing temperature in Ar also extends the

plateau region, resulting from increase of purity; crystallinity, and electric conductivity of electrode. The maximum

discharging storage capacity of 450 mAh/g (1.63 H-wt%) was obtained at a cutoff voltage of 0.8 "V\ We observed

that the plateau region in the discharging voltage profile, which is of critical importance for practical application,

was maintained during the constant-current discharge mode, particularly at high metal content, long oxidation

time in air, and the elevation of annealing temperature in Ar. The CV measurement also shows redox reaction

peak near 1 V during discharge, in good agreements with the charge-discharge experiment,

Keywords: SinglewaUed carbon nanotubes, Raman spectroscopy, TGA, charge-discharge experiment, CV
measurement.

INTRODUCTION

A new energy storage material with high capacity, light mass, and long cycle life has been strongly demanded

for portable electronics and fuel cells. Large empty space inside the single-walled carbon nanotubes (SWCN_fs) and

large surface area opens a possibility for hydrogen storage applications. Until now, it has been reported that

hydrogen can be stored in SWCNTs from high-pressure approach (reE 1 to 3) that has limitation in batte D'

application. Electrochemical hydrogen storage, however, can be directly applicable to the secondary battery [5-8].

Nuzenadal et al. (ref. 4) showed that the SWCNTs produced by arc-discharge could store hydrogens of

ll0mAh/g, corresponding to hydrogen storage 0f0.39 wt %. Lee et aL (refi 5) also showed that the maximum

capacity of hydrogen in SWCNTs reached 140mAh/g, slightly higher than that of the previous value. However, no

plateau region in the voltage was shown during the constant-current discharge, implying an impractical usuage.

Fortunately, Qin et at. (ref. 6) ignited recently the effort of hydrogen storage in multiwalled (MW) CNTs, where

the MWNTs were synthesized by catalytic decomposition of a methane gas on a Ni catalyst/La203, They obtained a

high discharge capacity of 200 mAh/g as well as high rate capability and long charge-discharge cycle life of 100

charge-discharge cycles with the capacity loss of less than 12 %. They also measured cyclic voltammograms (CVs)

with different sweep rates which proved clear redo× reactions in the MWCNTs. Recently Rajalakshmi et at. (ref. 7)

also obtained the net reversible discharge capacity of hydrogen with SWCNTs of up to 800 mAh/g, where the

capacity was recalculated by taking account of the amount of the SWCNTs (about 10 wt%) contained in the sample.

In this report, we have investigated key factors for electrochemical hydrogen storage in SWCNTs to determine

storage capability by controlling the amount of transition metals during synthesis and post-annealing process. The

influence of morphology and erystallinity of SWCNTs on the storage capacity is also studied.

EXPERIMENTAL
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SWCNTsaresynthesizedbyDCarc-dischargeunderabetiumpressltreof100torr.Agraphiterod(diameter:
dram),anaccede,withaconcentricbole(diamete,:4ram)isfilled_ithgraphitepowdermixed wi_b 20 t_r 5 wt%

of Ni, Co, and FeS (l:1:1), respectively. The graphite rod is are-discharged at 22 V and 55 A (ref. 8). Another

graphite rod is used as a counter-electrode. We limit the weight percenl of the transition metals to 5 wt% (lower

timit) and 20 wt% (upper limit) during tbe discharge in order to investigate the effect at'transition metals on the

hydrogen storage capacity. Although the yield might be lowered with large amount of transition metals, uniform

distribulion of the transition metals in the sample may enhance the conductivity of lhe electrode anti eventually

increase the storage capacity. The samples here are collected from two different parts. The one is web-llke

SWCNTs (called as web from now oo) obtained on the wall of the ch_nber, and the other is _aken from the

cathode part (called as cathode),

To make the electrode in a form of pellet, two parts of SWCNTs powder with different amount of trmtsitioo

metals are selected m first and ground with a mortar. A blnder_ PVA (pnly vinyl alcohol), and SWCN'Is p_;wder ia

the ratio of !:l are mixed and casted in a pellet with a pressure of 1000 psi. The pellet is then dried at 100 °C for

12 hours to get rid of the remaining moisture in the vacuum oven. I_ is heat-treated in Ar atmosphere m evaporate

the binder (PVA), which is easy to diss(_lve in water, and to improve crystallini b' at" SWCNT_. However, i1 sbnuld

be preheated at 300°C in Air tbr an hour to prevent the pellet fi'om being cracked during baking in Ar atmosphere.

As _he last step for preparing the working electrode of a celt, the working electrode is immersed in 6 M Knit for

t2 hours to react with water during charge-discharge test and CV test.

A unit cell tbr the electrochemical storage of hydrogen is fabricated with SWCNTs electrode as working

electrode and nickel hydroxide as a counting electrode. The unit ceil is soaked in 6 M KOH aqueous solution as an

electro}_e and separated by a thin polymer.

The elecirochentieal measurement with the unit cell is carried t_ut using WBCS-3000 galvanostat.pntentiostat

model, with the help of a t_o-electrode syst_n using SWCNTs as a _orking electrode. Charge-dicharge with

constant current and CV with constant voltage during test is used for collecting data reported here.

RESULTS AND DISCUSSIONS

The SWCNTs grown by DC arc-discharge usually contain amorphous carbons and transition metals

sltnoundecl by amorphu_s carbons, l he SWCNT bundles are shown in Fig. l(a) with a diameter of a few tenths nm

and with a length of a few hanth'eds _m,, where the dimneter otml individual SWCNT is 1.4 rim. The web sho_s

better quality, than the cathode, l-lowever, we choose the cathode for the electrochemical storage, since SWCNTs

from this part usually contain more transilion metals compared to the _eb, which plays an important role in

enhancing the slorage capacity ot'lbe secot_dary haltery and this wilt be discussed later.

it is noted that the cathode witb 5 wl% of transition metals in Fig. l(b) has higher yield than that with 20 wt%

in Fig, I(c). The conducting materials contained in the pristine SWCNTs is found to be around 9 _%, 12 wt%,

and 31 wt%, which were measured by the thermogravimet_'ic analysis (TGA) tbr _he sample (a), (b)_ and (c),

respedi rely.

,

T............ 1_1,. _

F!GURE 1. Scanning electron microscope (SEM) images of as-prepared SWCNTs : (a) SWCNTs (web) with 5

wt% trat_sition melals, (b)SWCNTs (cmht_de) with 5 wt% transition metals, and (c) SWCN'Fs (cotbode) whb 20

v_t% lrat_sitlon melMs.

The SWCNT electrodes are tested electrochemically under static current of 50-,10f) mA/g and the lower cutoff

w_llage or" 0.4 V tier a reference tes_ _ith above, lhree smnptes. It shows lhat the pellet with large amount _t
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lransitk_nme_als,sample(c),canreservemosthydmge_uptoaround140mAh/gatcut=offvoltage of 0.4 V. as

sh_wn in Fig. 2(c), where the mass introduced here implies the total weight of electrodes from SWCNTs,

amorphous carbons, and transition metals. Theoretical estimation on SWC,WFs shows that the metallic SWCNIs

become insulator with hydrogen adsorption tret. 9, t0). This suggests thai the additional conducting materials

compensate the electron transport in the electrode and eventually increase the storage capacity. The maximum

capacity down at zero vohage reaches 450 mAh/g. Optimization of the maximum storage capacity wilh the amounl

of transition metals is further necessary in the timwe

,_ _;_ ,'-- ' ' _......

spe¢i¢'_ cap_.c,{v (mA_Jgl

Figure Z. The charge--discharge tests of the as-prepared sample of (a) SWCNTs (web) with 5 wt% transition

metals, (h) SWCNI's (cathode) with 5 wt% transition metals, and (e) SWCNTs (cathode) with 20 wt%
transition metals.

h_ _rder to remove tire PVA binder from the electrode, we heated the sample by two steps. We first preheated

the sample in air at 300 C tbr five hours. This oxidizes the PVA, The degree of oxidalion is als_ importat_l, as

shown in Fig. 3(a). The plateau region in the 'collage extends with blcreasing anne',cling hours. 'Ihus a complete

oxidation is importani in order to remove the PVA more effectively in the second step annealing. This preheat

treatment further prevents the sample from being cracked by the second step aunealing. In the second-slep

annealing, most of PV,ks are burned and some are transformed into carbon particles. This high temperature

mmealing also improves the crystal|inity of the pristine SWCNTs. We annealed the sample at different temperature

in Ar atmosphere for 5 hours. The elevation of annealing temperature in Ar extends the plateau region, as shown

in Fig. 3(b). At temperature greater than 900 °C in Ar atmosphere, the electrode is cracke& resulting in the

decrease of the storage capacity of hydrogen and the plateau regi_nl. We emphasize that lhe preheat treatment is an

essential step in order to remove the PVA binder.

,_,i(a)!

._ -4 ...... ?g- ..... ?.2...... :;
t JI!_llo_y Im Art_,) Otpac_'_ lmA_l

FIGURE 3. The specific charge.discharge curves in terms of (a) the annealing time in air with the sample

coolainlng 20 wt% transition otetai_ and (b) lhe a_mealing temperature in Ar with the sample containing 5
wt%.
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Figure4 shows the SEM images taker_ before and after the heat treatment of SWCN_f grown with 20 w1% of
transition metals. We clloose tbe preheat trealment at 300 "C in air tbr tlve hours and then the sec:_nd step

amxealing at 900 "C in Ar _r five houls. 'Ihe SEbl images and Raman spectroscopy evidenlly show thal the heat

treatmem enhanced the erystal]inity of the SWCNTs.

.,5" ": '._ _ ".
g . ,. :;:..

,
m

(e)

.', .', ¢, d. ,,', ,,'; ;% 2.

Figure 4. SEM figure of S3_'CNTs with 2_ wt% transitbm metals of (a) the pristine sample, (b) al_er pre-heat

lreatment at 300 °C in air tbr llve hirers fallowed by tbe heat treatment at 900 °C io Ar atmosphere tbr 5

hours, and (e) Raman spectra with respect to Fig, 4(a) and Fig. 4(b),

Therntogravimeo'ic an',dysis (TGA) :lluslrates that tbe beal treatment Noeess gels rid _ff moorphoos carbons

and finally around 40 _t% of trmtshion metals rmnain in the elemrode emnpared to rite pristine sample with

around 30 wt% of transition metals as sho_m in Fig 5. The amoum of bydr,gen storage in the transition metals

and amorpbo_s carbons are negligible (ret_ I). One may delermine rite compositions of SWC_Ts and (abe] parts

by integrating the dig'erenliated TGA curve. We esliomate rite hydrogen slorage Cal',ad_y from pore S%'C,_Ts to

reach up to 450 mAh/g with a large plateau region at a cut-off voltage of 0.8 V, corresponding to 1.63 wt% of

hydrogen, a_ shown in Fig. 6(a).

- ......................... . .... . _ ¢*za

; : ....... ' "Q.:a i0_

temp_ralur_ ¢ *C_

................................ :ctc

.... ::: !i (b) _,',_

i x,, ....

U.mger_t,trc [ "(t)

Figure 5. Thermogra_imetrie analysis (TGA)of cathode with 20 wt% transition metals of (a) tbe raw sample,

(b) after heat treatment in open air and Ar for 5 hours respectively.

We emphasize that 450 mAh/g corresponds to the plateau region, which is applicable te pra_icat seconda)y

battery. CVs with different sweep rates are shown in Fig: 6(b). CVs are widety used to investigate the

electrochemical process of the electrode. Figure 6(b) shows tbat tbe adsorption of hydrogen into the working

electrode is observed between t.33 X, and 1.37 V, while the desorption of hydrogen _mr, the working electrode

takes place between 1.02 \,' and 1.08 V. l_he peak position of the current [br adsorption and desorpfion is

proportional Io the sweep rate, even if the specific storage capaci b' of the electrode is not changed.
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i(a)

,_.: ,% o_O

f

Figure 6. (a) Charge and discharge p_file of the optimized annealed sample with --40 wt% of SWCNTs and

(b) cyclic voltammogram test of the sample. The adsorption and desorption voltages of hydrogen of both

graphs agree well with each other.

SUMMARY

We have invesl;gated key tkcmrs far eJectrocbemical bydmgen storage in SWCNTs m determine storage

capability by c_ma'olling the amount ef trans;tion metats dm'ing synthesis and post-aone-,ding process. The

influence of morphology and crystal linity of SWCNTs on the storage capacity is also studied. After heat treatment

in mr and Ar atmosphere, it is m_ted that the trao_i6on metals in the sample increased with increasing the time of

heat treatmo,.t, and the amount of SWCNTs m:d eryst-,dlintty was also m_proved. On 1he r_thm band, the remained

amorphous carbon decreased, TGA, gEM and Ramm,. spectroscopy demonstrated these results. Eventuafly,

SWCNTs can slate hydrogen electrochemically up to 450 mAh/g corresponding to 1.63 H-wt%. The CV

measorement also showed des_;q_tion peak and adsorplioo pc',& near 1.05 V and 135 V during discharge anti

charge process respectively, %hich was in toed agreement with the plateao ef the charge-discharge experiment.
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ABSTRACT

Singlewalled carbon nanotube (SWNT) and Polypyrrole (Ppy) hybrid electrode was fabricated to improve the

specific capacitance of the supercapacitor. To characterize the SWNI'-Ppy hybrid electrodes, charge-discharge

cycling test for measuring specific capacitance, cyclic voltammogram, and AC impedance test were executed. The

individual nanotubes were uniformly coated with Ppy by in-situ chemical polymerization of pyrrole. In comparison

to the respective pure Ppy and SWNT electrodes, The SWNT-Ppy hybrid electrode showed very high specific

capacitance by 5 ~ 10 times of that of individual component. We obtained a maximum specific capacitance of 265

F/g from the SWNT-Ppy hybrid electrode containing 15 wt% of conducting agent. In cyclic voltammogram data of

the SWNT-Ppy hybrid electrodes, we observed both Faradic redox behavior from the Ppy and an electric double

layer behavior from the SWNT, indicating that the type of a supercapacitor using the SWNT-Ppy hybrid electrodes

was combination of an electric double layer type and Faradie redox type.

Keywords: carbon nanotube, polypyrrole, supercapacitor, hybrid electrode.

INTRODUCTION

Recent applications of carbon nanotube (CNT) as an electrode material for supercapacitor have ignited

significant worldwide investigation on their microscopic and macroscopic porous structures and electrochemical

behaviors (refs. 1 to 10). The CNT electrodes exhibit unique pore structure and high usage efficiency of specific

surface areas (rcf. 1, 3). The CNT electrodes tbr the electric double layer type of supercapacitor have excellent

absorption characteristics due to the accessible mesopores formed by the entangled individual CNTs (ref. 1, 6).

However, there is a limitation to widen an effective surface area of the CNTs, although some processes for breaking

and solving the bundle structure of the CNTs may enhance the utilization efficiency of their surface area.

In a previous paper, we have reported that supercapacitors using singlewalled carbon nanotube (SWNT)

electrodes have a maximum specific capacitance of 180 F/g and a measured power density of 20 kW/kg at the

energy density of 7 Wh/kg in a solution of 7.5 N KOH (ref. I, 7). We have also revealed a possibility of the carbon

nanotubes (CNTs) application to the supercapacitor. Yet there are plenty of rooms to improve the performance for

the supercapacitor using the SWNT electrodes. However, the specific capacitance of supercapacitors using CNT

electrodes is smaller than that of the supercapacitors using activated carbons and activated carbon fibers (2000

3000 m2/g), which are commonly used as electrode materials for supercapacitors. Therefore, it is necessary to

reform the SWNTs for tile application to have high capacitance.

A supercapacitor is an electrochemical energy device with high power density, which could be used in

applications such as pulse power devices and electric vehicles, although the energy density of supercapacitor is

smaller than that of the secondary battery. This small specific energy density of supercapacitor is a serious

drawback to be applied to the practical devices, and consequently recent the main interest of supercapacitors is

their capability to deliver high specific capacitance and energy density. In the energy storage by supercapacitors,

there are two fundamentally different approaches: (1) for the electric double layer type of supercapacitor (EDLC),

the charge storage process is non-Faradaic, i.e., ideally no electron transfer takes place across the electrode

interface. The charge accumulation is achieved electrostatically by positive and negative charges residing on two

interfaces separated by a molecular dielectric. Because the charging and discharging of such EDLC involves no

chemical phase and composition changes, such capacitors have a high degree of cyclability on the order of 10 s

times and a high specific power density, although the specific energy density is small. The typical electrodes of
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suchEDLCareactivatedcarbonsandCNTs,whichhavehighsurfacearea.(2)Inthesupercapacitorbasedon
pseudoeapacitanee(redoxtypeof supercapacitor), the essential process is Faradaic, i.e., the charge storage is

achieved by all electron transfer that produces redox reaction (Faradaic reaction) in the electroactive materials

according to Faraday's law. The supercapacitors based on pseudoeapacitance have higher specific capacitance than

EDLC, due to redox reaction like a battery, however, redox reaction gives rise to high internal resistance in

supercapacitors, resulting in decrease of specific power density. The typical electrodes of the supercapaeitors based

on pseudocapaeitance are metal oxides (i.e., RuO2, IrO2, Co304) and conducting polymers (i.e., polypyrrole,

polyaniline, polythiophene)

In the present study, SWNT and Polypyrrole (Ppy) hybrid electrodes are fabricated to improve the specific

capacitance of the supercapacitor. The combination of two types, the electric double-layer and the redox system,

have been developed for enhancing the performance of supercapacitors.

EXPERIMENTAL

The SWNT powder was synthesized by dc arc discharge tinder a helium pressure of 100 torr, where a graphite

rod (diameter: 6 ram) having a concentric hole (diameter: 4ram) filled by a mixture of the graphite powder with 5

wt% of Ni, Co, and FeS (l:l:l), was discharged in a bias of 22 V and a current of 55 A (ref. 11). SWNTs were

collected from only the chamber wall. Coating of Ppy on the SWNT walls was carried out using in-situ chemical

polymerization of pyrrole monomer with SWNTs. A Ferric chloride (FeCI_. 10 mmole) and a sodium p-

toluenesulfonate (CH3C6H4SO3Na, 20 mmole) as oxidants for polymerization of pyrrole were added to the

suspended SWNTs (0.4 g) in 100 mL of DI water. After ferric chloride and sodium p-toluenesulfonate were

completely dissolved, pyrrole monomer (50 mmole) was slowly added dropwise into the above SWNT suspension

solution with constant magnetic stirring for four hours at room temperature. After the polymerization was over, the

SWNT-Ppy powder formed was filtered and rinsed with DI water and methanol until the filtrate was colorless. The

prepared SWNT-Ppy powder was then dried in vacuum at 60 °C for 24 hours.

The procedure of the electrode preparation was as follows. The SWNT-Ppy powder was mixed with 5 wt% of

the suspended PTFE (po[ytetrafluoroethylene) as a binder in isopropyl alcohol. The mixture was kneaded and

rolled by a bar-coater to form a sheet whose thickness is about 250 I_n. The prepared sheet was cut to a size (3 cm

x 3 cm) of a supercapacitor electrode. The working electrode for supercapacitor was prepared by pressing the cut

sheet on Ni-foam with 120 pores per inch under 1000 psi. The prepared working electrode was then dried in

vacuum at 60 °C ['or 24 hours. A unit cell fbr the capacitor was fabricated with two SWNT-Ppy hybrid electrodes

separated by a thin polymer (Celgard) in 7.5N KOH aqueous solution as an electrolyte.

The unit cell was charged at a constant voltage of 0.9 V for 60 sec - 2 hrs, and then discharged at a constant

current density of 10 ~ 100 mA/g. To characterize SWNT-Ppy hybrid electrodes, charge-discharge cycling test for

measuring specific capacitance, cyclic voltammogram, and AC impedance test were executed. The AC impedance

of a unit cell in the frequency range from I00 kHz to I0 mHz was measured by an Electrochemical Impedance

Analyzer (Jahncr Elcctrik IM6, Germany). Cyclic voltammetric measurement was performed with a Potentio-

Galvanostat (EG&G 273A, USA). Cyclic voltammogram is measured by conventional three-electrode beaker cell

in 7.5N KOH aqueous solution as an electrolyte. A platinum plate (3 cmx 3 cm) served as a counter electrode and

Ag/AgCI was used as a reference electrode.

RESULTS AND DISCUSION

Figure 1 shows the field-emission scanning-electron-microscope (FE-SEM, Hitachi $4700) images of as-

grown SWNTs, pure Ppy and SWNT-Ppy powder formed by in-situ chemical polymerization. The as-grown

SWNTs are randomly entangled and cross-linked, and some carbon particles arc also observed. The purity of as-

grown SWNTs was roughly estimated to be about 25-30 %. From Figure l(b), one can see that the pure Ppy

synthesized without SWNT shows a typical granular morphology. The granule size of pure Ppy is about 2-3 prn.

Figure l(c) reveals the individual nanotube bundles to be uniformly coated with Ppy, indicating that in-situ

chemical polymerization of pyrrole is effectively achieved. Compared to the as-grown SWNTs, the SWNTs coated

by Ppy are very thick (300 -500 nm), and carbon nanopanicles contained in the as-grown SWNT sample are also

uniformly coated by Ppy, resulting in the increase of the particle size.
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A cyclicvoltammetriemeasurementis helpful to understand macroscopic electrochemical surface reaction at

tile electrode of the supercapacitor during the charging and discharging process. I'heretbre, cyclic vollammetry _m

tile as-grown S\_¢NTs, pure Ppy and SWNT-Ppy hybrid electrodes is performed to investigate possible dominant

mode of electrochemical energy storage on the three types electrodes. Figure 2(a)-(c) present the cyclic

voltammetric behaviors of the as-grown SWNTs, pure Ppy, and SWNT-Ppy hybrid electrode at the sweep rate of 5

mV/s, respectively In the case of the as-grown SWNT electrode (Fig. 2(a)), lhe charging and discharging cyclic

voltamnlogram is close rectangular shape and there is no current peak caused by the redox reaction, indicating a

typical electric double layer (EDL) behavior, while the pure Ppy electrode clearly shows faradaic redox reactions,

which are observed at 0.47 V and 0.4 V witb respect to the reference electrode of Ag/AgCI, representing oxidation

and reduction processes. For the SV_rNT-Ppy hybrid electrode, we observe both a behavior of tile electric double

layer which is caused by the SWNT in the voltage range of 0 - 0.35 V and the Faradaic redex behavior which

resulted from the Ppy in the range of 0.35 - 0.6 V. We note that the current scales in Fig. 2(a) and 2(b) are much

smaller than that of the hybrid type in Fig. 2(c).

Fig. I. The FE-SEM intages of as-grown SWNT, pure Ppy, and SWNT-Ppy powder.

Thc neutral Ppy reacts with a hydroxyl ion at the surthce during charging by releasing one electron to the

electrolyte, forming a dipole layer at the Ppy surface, as shown below (Eq. (I)). This dipole layer eventually forms

an electric double layer, which will increase further the charging current, Because the eft%ctive surface area was

significantly increased by the presence of the SWNTs in lhe hybrid eleclrode, as shown in Fig.t(3), the

pseudocapacitance by the iedo._ reaction and the capacitance by EDL wele simultaneously enhanced, as shown in

Fig. 2{c). The reduction peak at 0.4 V again indicatcs the similar redox reaction to pure Ppy electrode (Eq. (2)).
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Fig. 2.The cyclic voltammetrie behaviors of (a) the as-grown SWNTs, (b) pure Ppy, and (c) SWNT-Ppy

hybrid elerlrodes at the sweep rate uf 5 mV/s.
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Figure3showsthespecificcapacitancesoftheas-grownSWNTs,purePpy,andSWNT-Ppyhybridelectrodes
asafunctionofdischargecurrentdensity,wherethedataweretakenfromthesampleschargedat0.9Vfor10min.
IncomparisontothepurePpyandas-grownSWNTelectrodes,theSWNT-Ppyhybridelectrodesshowsveryhigh
specificcapacitanceby5 ~ 10times,althoughthespecificcapacitanceofSWNT-Ppyhybridelectrodedecreased
graduallywithincreasingdischargecurrentdensity.Thisvery large specific capacitance seems to be caused by

uniformly coated Ppy on the SWNTs, signifying that active sites on Ppy chains are increased. We emphasize that

the capacitance by EDL is also enhanced by the enlarged surface area of Ppy.

250-

_,_ 200-

150-

¢o

t00-

N
50

0

0

e_'o-_ SWNT-Ppy hybrid

_'_-O_ O _Q

pure Ppy

A\ as-grown SWNT
\,

2'0 ' 40 60 80 100

Discharge current density (mA/g)

Fig. 3. The specific capacitances of the as-grown SWNTs, pure Ppy, and SWNT-Ppy hybrid electrodes as a

function of discharge current density at a charging voltage of 0.9 V for 10 min.

The specific capacitancc of the as-grown SWNT electrode slightly increases and saturates to the maximum

value with increasing discharge current density, while both of pure Ppy and SWNT-Ppy hybrid electrodes show a

gradual decrease in the specific capacitance with increasing discharge current density. For pure Ppy electrode, the

specific capacitance at a discharging current density of 100 mA/g drops by about 95 % of that at 10 mA/g, while

the capacitance of SWNT-Ppy hybrid electrode drops only by about 25 % even for large discharging current density.

The deterioration of specific capacitance of pure Ppy electrode is caused by the large internal resistance of the

electrode compared to that of SWNT electrode. The large internal resistance (or equivalent series resistance, ESR)

causes a large IR drop at high discharging current density, resulting in the decrease of the specific capacitance and

power density. The magnitude of the ESR can be clearly shown in the complex-plane impedance plots, as shown in

Fig. 4.
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Fig. 4. The complex-plane impedance plots for (a) as-grown SWNTs and SWNT-Ppy hybrid electrodes,
(b) pure Ppy, and (c) SWNT-Ppy hybrid electrode containing 5 ~ 20 wt% of the conducting agent
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Figure4presentsthecomplex-planeimpedanceplotsfortheas-grownSWNTs,purePpyandSWNT-Ppy
hybridelectrodesinthefrequencyrangeof from100kHzto I0mHz.Theimpedancebehavioroftheas-grown
SWNI'electrodeis closeto anidealEDLC.Accordingly,theas-grownSWNTelectrodeshowsmuchlower
impedancethanthepurePpyandSWNT-Ppyhybridelectrodes,givingrisetoasmallIRdropfortheas-grown
SWNTelectrode.Theinternalresistanceof thepurePpyelectrodesis verylarge,resultingin thelarge
deteriorationofthespecificcapacitanceatparticularlylargedischargingcurrentdensityof 100mA/g.Although
theinternalresistanceoftheSWNT-Ppyhybridelectrodeismuchsmallerthanthat of the pure Ppy electrodes, the

internal resistance of the SWNT-Ppy hybrid electrode is still large compared to that of the as-grown SWNT

electrode. In order to reduce internal resistance of the SWNT-Ppy hybrid electrode, 5 - 20 wt% of the conducting

agent (Sup-P) is added into SWNT-Ppy hybrid electrode, when the electrodes are prepared. The complex-plane

impedances are shown in Fig. 4(e). With increasing the amount of conducting agent, the phase angle of tan (R_ma_

/ Rf_z) at low frequency region is close to 90 degree, indicating a significant reduction of the internal resistance in

the SWNT-Ppy hybrid electrode. The internal resistance of the SWNT-Ppy hybrid electrode with the conducting

agent above 15 wt%, become smaller than that of the as-grown SWNT electrode. These suggest that the conducting

agent obviously affects the specific capacitance of the supercapacitor in the hybrid electrode.
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Fig. 5. The effects of conducting agent on the specific capacitance of the SWNT-Ppy hybrid electrode as a
function of discharging current density at a charging voltage of 0.9 V for 10 min.

The effects of conducting agent on the specific capacitance of the SWNT-Ppy hybrid electrode are shown in

Fig. 5. The maximum specific capacitance appears at 15 wt% &conducting agent in electrode, where the data

were taken from the samples charged at 0.9 V for 10 rain. The effect of the conducting agent is clearly seen

particularly at high discharging current density. The specific capacitance significantly increases with increasing the

amount of the conducting agent up to 15 wt% and drops at 20 wt%. We obtain a maximum specific capacitance of

265 F/g from the SWNT-Ppy hybrid electrode containing 15wt% &the conducting agent. This value is larger than

the previously reported value of 113 F/g from multiwalled carbon nanotubes (ref. 5) and our previous record of 180

F/g from the heat-treated SWNT electrode (ref. 1). The conducting agent itself does not directly contribute to the

specific capacitance but by reducing the IR drop. However, an excessive addition of the conducting agent

diminishes the effective portion of the active electrode material, resulting in the reduction of the specific

capacitance. The difference of a specific capacitance between discharging current density 10 mA/g and 100 mA/g

is larger at small amount of conducting agent due to the larger internal resistance.

SUMMARY

We have introduced the SWNT-Ppy hybrid electrode to improve the specific capacitance of the supercapacitor

by combining the EDL and the redox reaction. In comparison to the pure Ppy and SWNT electrodes, the SWNT-

NASA/CP--2001-210948 679 August 6, 2001



Ppyhybridelectrodesshowsveryhighspecificcapacitanceby5 - I0times.Werevealthatthisverylargespecific
capacitanceiscausedbyuniformlycoatedPpyontheSWNTs,signifyingthatactivesitesonPpychainsare
increased.WeemphasizethatthepseudocapacitancebytheredoxreactionandthecapacitancebyEDLwere
simultaneouslyenhancedbytheenlargedsurfaceareaofPpy.Weobtainamaximumspecificcapacitanceof265
F/gfromtheSWNT-Ppyhybridelectrodecontaining15wt%oftheconductingagent.The addition of conducting

agent into the SWNT-Ppy hybrid electrode effects increasing specific capacitance by reducing internal resistance of

supercapacitor.
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ABSTRACT

A new superhard material composed of polymerized single wall carbon nanotubes (P-SWNT) has been

synthesized which exhibits a bulk modulus exceeding or comparable with diamond and hardness exceeding or

comparable with cubic BN. The P-SWNT were synthesized by applying a shear deformation under load in a

diamond anvil cell; the procedure of stress tensor variation. After intermediate phase transitions at 14 and 19 GPa,

single wall carbon nanotubes are transformed to P-SWNT at a pressure of 24 GPa. The process of polymerization is

accompanied by irreversible changes in the Raman spectra. The nanotubes do not collapse at least up to pressure 55

GPa (maximum pressure of the study). Bulk modulus of 462 to 546 GPa was found out for P-SWNT from the

comparative study of pressure dependence of the Raman modes of P-SWNT (high energy mode -1590 cm -1) and

diamond (1333 cm-1). This value exceeds the bulk modulus of diamond (420 GPa for single diamond crystal). P-

SWNT are characterized by high value of hardness (62 to 85 GPa) exceeding or comparable with cubic BN.

Hardness measurements were performed using nanoindentation technique.

Keywords: single wall carbon nanotubes; superhard materials; high pressure; hardness; Raman scattering.

INTRODUCTION

Graphite sheet properties determine the interesting mechanical, electrical etc. characteristics (e.g. sp 2 bonding in

the graphite sheet is stronger than sp 3 bonding in diamond). Creation of superhard carbon nanocluster-based

materials may be provided by possibility of the forming of sp 3 bonding between curved graphite (sp 2 bonded) sheets.

Thus, theoretical and experimental studies give the value of Young's modulus for single wall carbon nanotubes

(SWNT) (ref. 1) in the tera-Pascal range (ref. 2, 3). Polymerized SWNT (P-SWNT) via sp 3 inter-tube bonding are

expected to have highly anisotropic mechanical and electrical (metallic and semiconductor) properties while

exhibiting superhard material characteristics. Possibility of polymerization of nanotubes and different P-SWNT

structures were studied theoretically in ref. 4.

Polymerization of nanotubes and transfer of mechanical properties of single nanotube into P-SWNT is possible

by analogy with ultrahard fullerite (ref. 5 to 7), since the nanotube is a graphite sheet curved into a cylinder, while

fullerene is that curved to sphere. The striking mechanical properties of ultrahard fullerite (ref. 8) with hardness,

wear and bulk modulus exceeding diamond are attributed to the properties of the C_0 molecule (ref. 9) and the

possibility of sp 3 intermolecular bonding (ref. 10) which leads to the 3D fullerite polymer (ref. 5 to 7).

The process of formation of sp 3 bonding between graphite sheets at room temperature is sensitive to the stress

tensor in the specimen. Under hydrostatic conditions graphite does not transform to diamond at least up to 80 GPa

(ref. 11), while stress tensor variation (by applying shear deformation under load) leads to direct transformation of

graphite to diamond at a pressure of 17 GPa at room temperature (ref. 12). Success in ultrahard fullerite synthesis

using stress tensor variation in a shear diamond anvil cell (SDAC) demonstrates the advantages of this procedure

(ref. 5). At room temperature 3D polymerization of C_0 via sp 3 intermolecular bonding begins under non-hydrostatic

pressure at 18 GPa (ref. 5). In the present study this procedure was successfully applied for synthesis of P-SWNT.

EXPERIMENTAL DETAILS

The SWNT bundles used in this study were obtained from Tubes@Rice (Rice University in Houston, TX). The

nanotubes are composed of a nearly random mixture of arm-chair, zig-zag and chiral helicities. The mean tube
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diameterof1.2nmisobtainedbythemanufacturingprocedure(ref.13)andisappropriatesforourRaman
measurements.

InSDACcontrolledsheardeformationisappliedtoaspecimenunderpressurebyrotationofoneofanvils
aroundanaxisofload.Theapplicationofsheardeformation(stresstensorvariation)decreasesthehysteresisofa
phasetransformationandmakesitpossibletoobtainahomogeneousphase(seeforexampleref.5andreferences
therein).Atthephasetransition,astep-likeanomalyoftheradialpressuredistributioninthesample(duetovolume
andelasticmodulusjump)appearsforthecaseofnon-hydrostaticcompression.Accordingtotheprocedure
describedinref.5,theseanomaliesweredetectedforpressuresof14+1,19+1and24+1GPa.Thepressurewas
measuredbytheruby-fluorescenceprocedure.Rubyparticles(1to3gminsize)weredepositedontotheworking
surfaceofthediamondanvil.Specimenswereloadedinthegasketwithoutapressuremedium.

ThesamplestatewhileunderpressurewasregisteredbyRamanscattering.TheRamanspectrawererecorded
usingaJascoNRS-2100triplematespectrometerequippedwithacharge-coupleddetector,Ramanmicroscopeand
excitedbythe514.5nm(2.41eV)lineofanargonionlaser.Unfortunately,the1344cm-1bandofthenanotubesare
obscuredbytheRamanscatteringfromthediamondanvilsforpressureupto15GPa.Undermorehighpressureit is
difficulttoseparateshifted1594and1344cm-1bandswithhighenoughprecisionbecauseoflinesbroadeningand
lowintensityof1344cm-1band.

PressuredependenceofdiamondRamanbandwasmeasuredforcomparison.First-orderRamanspectrawas
collectedfrom3gm- sizeregionofdiamondanvilclosetothesample.Theexperimentalprocedureisdescribedin
detailinref.14.

HardnessmeasurementsofP-SWNTafterpressuretreatmentwereperformedusingNanoindentationSystem
(MTSSystemsCorporation)equippedwithBerkovichdiamondindenter.Becauseofsmallthicknessofsample
(about20gm)andnumerouscracksaroseinthesampleuponpressurerelease,thehardnesswasmeasuredat
penetrationdepthabout40nm.Toincreasevalidityandprecisionofdata,cubicBNfaces(100)and(111)were
measuredatthesamepenetrationdepthforcomparison.Force-depthindentationcurvesofP-SWNT,cubicBNfaces
(100)and(111)andfusedsilicaareplottedinFig.1.Thepossibilityandpeculiaritiesforcorrecthardness
measurementsofsuperhardmaterialsatthissmallpenetrationdeptharediscussedinref.15.
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Figure 1. Force-depth indentation curves of P-SWNT (marked by solid circles), cubic BN faces (100)

(marked by hollow circles) and (111) (marked by crosses) and fused silica (marked by hollow triangle) are

plotted.
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RESULTS AND DISCUSSION

Polymerization

By analogy with fullerene C_0 (ref. 5 and 7) the pressure-induced polymerization of the SWNT should lead to

broadening and re-distribution of bands intensities in the Raman spectra. Shown in Fig. 2 are spectra appropriate to

virgin SWNT (Fig. 2a) and to P-SWNT (Fig. 2b). The spectra of P-SWNT after unloading do not depend on

pressure treatment (24 to 55 GPa). Farther to the assumed polymerization it is possible to conclude from the Raman

spectra that the nanotubes do not collapse under pressure of at least 55 GPa: since the SWNT band positions are not

changed. The peculiarities of spectra also differentiate it from other known types of graphitic and amorphous carbon

materials (ref. 16). Because of bands broadening, instead of 4 bands in high frequency region for SWNT (at 1551,

1568, 1592 and 1598 cm -1, Fig. 2a) it is possible to resolve only 1561 and 1598 cm -1 bands for P-SWNT using

Lorentz multi-peaks fit (Fig. 2b; spectra of SWNT is plotted for comparison). These bands give maximum at 1594

cm -1 in both spectra. The most distinctive evidence of existence of nanotubes after 55 GPa pressure is presence of

low-frequency radial breathing mode of SWNT (ref. 17) at 188 cm -1 in the spectra of P-SWNT (Fig. 2c).
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Figure 2. Raman spectra of SWNT (a), P-SWNT (b) (spectra of SWNT is plotted in (b) for comparison),

(c) is low-frequency region of P-SWNT (overhead) and SWNT (below).

Essential changes in the Raman spectra are associated with the 1344 cm -1 band: the relative intensities of the

intense bands (188, 1568, 1598 and second-order 2681 cm -1) are the same within 40% after the compression, while

the relative intensity of the 1344 cm -1 band increased by an order of magnitude. A decreasing of the Raman intensity

(by a factor of 2 or more) after relatively low (5.2 GPa) pressure was mentioned in ref. 18. The second order spectra

of P-SWNT and SWNT are plotted in Fig. 2 (d).

The changes of relative intensities of the bands around 1340, 1580 and 2680 cm -1 (in Fig. 2b and 2d) resemble

those observed in spectra of polycrystalline graphite and glassy carbon (ref. 16 and 19): the spectra of the first is

analogous to SWNT, while the second is analogous to P-SWNT. These changes in polycrystalline and disordered

carbon are partly attributed to the break down of light scattering selection rules (ref. 16, 19, 20 and references
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therein).InviewofthedirectrelationshipbetweenthephonondensityofstatesforgraphiteandSWNT(ananotube
isformedbyrollingupagraphenesheettoacylinderandthatgivesthepossibilityofapplyingthezone-folding
methodforcalculationofthephononmodesofnanotubes(ref.21))it ispossibletoattributethechangesintheP-
SWNTspectratothebreakdownofSWNTselectionrules.Theperturbationofthenanotubestructureiscausedby
internanotubebondingasresultofpolymerization.Thepossiblemechanismofthepolymerizationasmentioned
aboveissp3internanotubebonding(ref.4).Thismechanismisknownnotonlyforfullerite(ref.7)butforgraphite
sheets,too(ref.22).

Bulkmodulus
Afterpolymerization,themechanicalpropertiesoftheSWNTwillbecharacteristicofa3Dcarbonnetwork,and

asaresult,thebulkmodulusofthismaterialwillincrease.ImportantinformationaboutthebulkmodulusofP-
SWNTcanbederivedfromthepressuredependenceforthemodesinhigh-energyrangeoftheRamanspectra(i.e.
thebandsaround1590cm-1).InFig.3thepressuredependencew/w0fortheWo= 1594cm-1band(asmentioned
above,itconsistsfromseveralbands)isplotted.ThebulkmodulusBiscalculatedfromtheequation

T_=(B/Q)be)/aP (1)

where 7_ is the Gruneisen parameter for a quasi-harmonic mode of frequency _ (ref. 23). In general, the scaling

parameter 7-_ 1 for the covalently bonding group IV semiconductors (ref. 23) and particularly for graphite 7 = 1.06

(ref. 24) to 1.11 (ref. 25) and for diamond 7 = 0.96 (ref. 26). Recently, the Gruneisen parameter of 7 = 1.24 was

calculated for SWNT (ref. 27). It is important to note, that 7-_ 1 is expected only for the mode -1590 cm -1 that is

analogous to the graphite E2g(G) mode. This mode is characteristic of sp 2 bonding (ref. 20). At the same time for the

disorder induced breathing mode of graphite, the Alg(D) band at -1340 cm -1, 7 = 1.9 according to ref. 25. The

pressure dependence of this mode for the nanotubes also differs from the 1594 cm -1 band. Under pressure the mode

shifts to a frequency nearer to the characteristic sp 2 band.
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Figure 3. The pressure dependence of the 1594 cm 1 band of SWNT (hollow circles), P-SWNT (solid

circles), diamond (stars).

In Fig. 3, the pressure dependence of the 1594 cm -1 band is plotted over the entire pressure range. Data

appropriate to SWNT and the first and second SWNT phases are marked by hollow circles. Changes in slope

(hollow circles) indicate phase transitions at pressures of 14+1, 19+1 and 24+1 GPa. The pressure dependence about

6 cm-1/GPa for SWNT 1594 cm -1 band under pressure below 14 GPa is consistent with data reported in ref. 28 for

SWNT (5.7 cm-1/GPa): the shift agrees with the pressure dependence of the high-energy modes of isolated nanotubes

under compression (ref. 18 and 28).

For determination of Om/OP and B of the P-SWNT, we have used data appropriate to sample treated by pressure

above 25 GPa and shear deformation. These data are marked by solid circles in Fig. 3. No hysteresis is seen in the

pressure dependence of P-SWNT. This is direct evidence that polymerization of the nanotubes is irreversible.
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Toapplyequation(1)forcorrectbulkmoduluscalculationofP-SWNT,it isnecessarytostudystresstensorin
thesample(weapplynon-hydrostaticcompression).Toperformthisprocedure,weplottedw/w0pressure
dependencefordiamondRamanbandw0--1333cm-1measuredatthesameconditions.IntheFig.3appropriateto
diamondpointsaremarkedbystars.Fortunately,thepressuredependenceforthediamondRamanbandandP-
SWNTareverysimilarwithhighaccuracy.InthiscasebulkmodulusofP-SWNT,Bpisproportionaltothatof
diamondBd:Bp--"{p/TdBd .Where yp is Gruneisen parameter for P-SWNT and y,: is diamond Gruneisen parameter.

Consequently, the bulk modulus of P-SWNT exceeds bulk modulus of diamond 1.1 to 1.3 times, depending on

choice of 7: experimental data for graphene sheet or calculated value for SWNT.

According to ref. 29 bulk module of single diamond crystal is 420 GPa. Thus, for P-SWNT bulk module is 462

to 546 GPa.

Hardness

To increase precision and validity of hardness data, a procedure of calibration against material with known

hardness (standard) was used. This procedure was elaborated in details in ref. 8 and 30.1 mm-size cubic BN single

crystals (faces (100) and (111) (ref. 31) and fused silica were used as standard materials. Hardness (H) of P-SWNT

was calculated with the relation H=P/S. P is load to the indenter and S is the projected area of contact. If we compare

indentations in different materials (with hardness H1 and H2) with the same value of S, then H1-- (Pl/P2) H2, where Pl

and P2 are appropriate loads on indenter. Results of hardness measurements of P-SWNT, c-BN and fused silica are

plotted in Fig. 1.

Hardness calibration measurements of c-BN and fused silica were performed at indentation depth about 1 btm.

The hardness values are: c-BN (111) is 66_+ 1 to 73_+ 1 GPa depending on orientation of indenter relatively to

crystallographic axis of sample (so-called hardness anisotropy); c-BN (100) is 62_+1 GPa (effect of anisotropy is not

so strong as for (111) face; fused silica is 12_+0.5 GPa.

Hardness of P-SWNT determined according to the procedure of calibration against c-BN belongs to interval 62

to 85 GPa. Load-displacement curves for P-SWNT appropriated to the confines of the range are plotted in Fig. 1.

The lower curve of P-SWNT (minimum hardness) corresponds with the curve of c-BN face (100). Hardness data

scattering of P-SWNT depends on microcracks in the sample. As the sample was formed under high pressure and

upon unloading, large internal stresses should led to cracking. Hence, the real hardness of P-SWNT is expected

higher then measured range 62 to 85 GPa.

CONCLUSIONS

A new superhard material composed of polymerized single wall carbon nanotubes has been synthesized which

exhibits a bulk modulus (462 to 546 GPa) exceeding or comparable with diamond and hardness (62 to 85 GPa)

exceeding or comparable with cubic BN.

This work was supported by the Frontier Carbon Technology Project, which was consigned to JFCC by NEDO.
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ABSTRACT

Progress of fluorination of single-wall carbon nanotubes is being reported. Covalent attachment of alkyl

groups including methyl, n-butyl and n-hexyl groups to the sidewalls of single wall carbon nanotubes (SWNTs) has

been achieved. Quantitative measurement of the alkylation was done by thermal gravimetric analysis. FTIR,

Raman and UV-Vis-NIR were used to characterize these alkylated SWNTs. Application of these nanotubes are

being investigated--fibers, composites, batteries, lubricants, etc.

INTRODUCTION

Among the wide range of nanometer scale structures prepared to date, carbon nanotubes and, in particular,

single-wall carbon nanotubes (SWNTs) stand out as unique materials for fundamental research and emerging

applications. Since the initial discovery in 19911 , and subsequent development of large-scale syntheses of

buckytubes, various methods for their synthesis, characterization, and potential applications have been pursued 2' 3.

In some cases, chemical modification will be required to reach full potential on nanotube application. However, this

area of research presents enormous challenges and results have been slow to emerge.. Mickelson et. al 4,5were able

to fluorinate the sidewalls of carbon nanotubes in 1998. In addition to that astonishing preparation of

fluoronanotubes, several derivatizations of carbon tubes were reported _' 7. The fluorinated materials can be further

functionalized by attaching alkane chains to the sidewall of SWNTs, as demonstrated by Boul et al. 8 In this paper,

we present an up-to-date account of recent results on the fluorination of single-wall carbon nanotubes and the use of
fluorinated SWNTs as intermediates for sidewall derivatization.

EXPERIMENTAL PROCEDURE

Fluorination

Precursor nanotubes used in this study are laser-grown-oven SWNTs from tubes@rice, or HiPco SWNTs also

from Rice University. The single-walled carbon nanotubes, about 1 nm in diameter, were produced by the dual laser

vaporization of Co/Ni doped graphite rods at tubes@rice 9 and by high pressure CO gas phase reaction 1°. After the

usual nitric acid cleaning procedures 9, laser-oven-grow tubes were subjected to a 2-stage oxidation process 11 to

further remove the metal catalysts and amorphous carbon presented in the samples. HiPco tubes were obtained as-

produced from the reactor. They underwent similar multi-stage gas-phase purification procedures 12.

Several reactions were carried out to establish optimal fluorination conditions (i.e. temperatures and reaction

times). The goal is to reach saturation, C2F, without destroying the tube structure 4. A fluorine/HF/He mixture (2

cc/min, 0.2 cc/min and 100 cc/min respectively) was passed through a temperature-controlled Monel flow reactor

containing the SWNTs samples. HF gas was turned off immediately after the reaction, while fluorine gas was kept

flowing until the chamber temperature for the fluorination reactor dropped below 100°C to avoid the additional HF

adsorption onto the nanotubes.

Alkylation

10 mg of the fluorinated tubes were added to a flame dried 100 ml three necked round bottomed flask under

an atmosphere of argon. Dry hexane (5ml) was then added and the contents were sonicated for 5 min. Alkyllithium

( methyl-, butyl- and hexyl-lithium) in hexane (8 ml) was added dropwise to the resulting suspension and the

mixture was sonicated (VWR scientific model 50 HT)for 20 min. The solution was stirred overnight under argon

and then cooled in ice. The unreacted hexyllithium was quenched by the slow addition of ethanol with stirring.

After quenching, water (50 ml) was added and the solution was stirred to dissolve salts formed. Nanotubes were

then filtered on a PTFE filter paper (0.45 gm) and washed with water. Collected nanotubes were again suspended in
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3NHC1,sonicatedfor15minandagainfilteredandwashedwithplentyofwater.Finallythetubeswereplacedin
hotethanolandsonicatedfor15minandfiltered.Finalproductsweredriedundervacuumovernight.

Instrumentation
Thermogravimetric(TGA)datawereobtainedusingaTA instrumentmodel2960system.Raman,IR,

massspectraandTGAexperimentswerecarriedoutwithSWNTsintheformofbuckypaper.SamplesforUV-Vis-
NirwerepreparedbysonicatingSWNTsfor- 10 min in 0.15 wt % Triton-X D20 solution with a cup sonicator.

Raman spectra were obtained with a Renishaw micro-raman operating with a 780 nm laser. UV-Vis-Nir spectra

were obtained with a Shimadzu UV-3101 PC spectrometer. FTIR spectra were obtained using a Nicolet

spectrometer with ATR accessory.

RESULT AND DISCUSSION

Fluorination

Laser-Oven-Grown SWNTs

HF is known as a catalyst for fluorination of graphite 13. It is also suggested that with the addition of HF in

the fluorination, C-F bonds of more covalent in nature will be produced. Figure la shows the FTIR spectra of

nanotubes fluorinated with or without HF addition at 200°C. Apparent upshift of the C-F stretching frequency is

observed with HF addition to the fluorine atmosphere. A higher degree of fluorination is also observed with higher

relative C-F intensity. Some shifting effect is also seen when raising the fluorination temperature (Figure lb).
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Figure l(a).IR spectra of fluorinated SWNTs Figure l(b).IR spectra of fluorinated SWNTs

a. With HF addition a. 200°C

b. Without HF addition b. 250°C
1 1

*Negative absorption at 2000 cm and 2200 cm is due to the diamond crystal on the ATR accessory

Because of the nature of the nanotubes, black in color, light does not transmit through therefore we could

not take IR spectra of tubes in transmission modes. The initial FTIR spectra were taken using a diffuse reflectance

accessory. No peaks were observed at C-F bond region (-1200 cm-1). When mixing fluorotubes with KBr and

subsequently heating on the hot plate at - 120°C, one can immediately see the evolution of gas which is yellow.

KBr must have reacted with Fluorotubes: KBr + C2F --) KF + Br2 + Cn This also indicates the weakness of the C-F

bond on fluorotubes. Similar KBr tests were done on fluorinated C_0 and fluorinated graphite. While heating,

fluorinated C60 changes its color from white to yellow, indicate the loss of fluorine. C-F bonds in fluoro-graphite

are much stronger. Under the same experimental conditions, fluorine remains attached to the graphite. The same

set of experiments was repeated using NaI instead of KBr. Purple gas, which is expected to be I2, evolved during

heating fluorotubes with NaI.

Figure 2 and Figure 3 shows the FTIR and Raman spectra of defluorinated nanotubes that were originally

fluorinated under different temperatures. At temperature above 250°C, the intensity of defects/disorders, as

indicated by the 1298 cm -1 peak, is almost the same intensity of the nanotube tangential modes at 1592 cm -1. In

order to keep the tube structure and obtain a saturated C/F ratio (-2) at the same time, we decided to use 250°C as
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ouroptimalfluorinationtemperature.TheminimumreactiontimetoreachC2Fis-5 hoursat250°C.Electron
microprobeanalysis(EMPA)andIR indicatedthedesiredcarbon-fluorineratioandC-Fstretchingfrequency.
ThesefluorinatedtubesaresolubleinDMFandalcoholsolvents5.
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Figure 2.IR spectra of defluorinated SWNTs

(a) Fluorotubes (b) after defluorination
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Figure 3.Raman spectra of defluorinated SWNTs

(a) Pristine SWNTs (b) T=250°C (c) T=315°C

(d) T=350°C (e) T=375°C

HiPco SWNTs

SWNTs produced by HiPco process have smaller tube diameters, 1.1 nm, when comparing to laser grown

SWNTs, 1.3 nm. Therefore, HiPco tubes are more reactive to the fluorination. A lower fluorination temperature

was used to fluorinated HiPco nanotubes. C2F stoichiometry can be reached at 150°C for fluorinated HiPco

SWNTs. Fluorination at 250°C apparently has caused major destruction of the tubes as evident also by Raman

spectra. Physical observation also indicate the discoloration of nanotubes sample, i.e. SWNTs become yellowish

when fluorinated at 250°C. These fluorotubes are also soluble in alcohols , DMF and THF. Overall, lower

temperature should be used when fluorinating HiPco tubes.

Alkylation

UV-Vis-Nir serves as an excellent monitor for sidewall perturbation of nanotubes n. This may be attributed

to rehybridization at carbon (sp2 to sp3) since the g electrons in the highest occupied molecular orbitals (HOMOs)

that are used to form new bonds are no longer available, and the van Hove transitions characteristic for unperturbed

SWNTs vanish. The UV-Vis-Nir spectra of pristine and hexylated SWNTs are displayed in Figure 4. Thus the

absence of electronic transitions for the hexylated SWNTs supports the assumption that sidewall functionalization

by n-hexyl groups has occurred.

Infrared spectra of SWNTs alkylated by different groups are shown in Figure 5. n-hexyl- and n-butyl

substituents exhibit typical C-H stretching absorptions at 2957, 2924 and 2855 cm -1. The relative intensity of the C-

H stretching absorptions is higher when the SWNTs are functionalized by n-hexyl groups. Each material exhibits a

peak at - 1578 cm-1 that can be assigned as the active carbon stretching mode of the nanotubes. Assignment of

infrared bands in the 1000 cm -1 to 1500 cm -1 region may arise from the bending modes and umbrella (rocking)

modes of the -CH3 groups.
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Figure 4. UV-vis-Nir Spectra of hexyl-SWNTs

(a) Pristine SWNTs (b) HexyI-SWNTs
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Figure 5.IR spectra of Alkylated SWNTs

(a) Methyl-SWNTs (b) n-Butyl-SWNTs

(c) HexyI-SWNTs

Thermal gravimetric analysis of degassed (80°C) derivatized SWNTs was used to evaluate the extent of sidewall

functionalization. Figure 6 shows the typical TGA data from alkylated SWNTs. One can clearly notice a loss of

weight over two temperature ranges. Region 1 corresponds to the loss of alkyl groups. The calculated carbon-to-

alkyl group ratio (C/R) for methyl, n-butyl and n-hexyl SWNTs from TGA weight loss data are listed in Table 1.

The C/R ratios of n-hexyl-SWNTs to n-butyl-SWNTs is about 1.2, similar to their molar mass ratio of 1.5. Similar

studies indicate a higher degree of functionalization when methyl lithium is used as the alkylating reagent.

..... r.............
\ = "- (a)

8>

_Eo

_s

70.

e,

_o.

?eL, ion I _' (b)"" ":

Peg!u_

m _o eo Eo 1co 12o 1_ leO lEO

_rn.)

Table 1. Weight % of alkyl groups (R) on the sidewall
of nanotubes

•R% is obtained from thermal gravimetric analysis.

• The sample was heated up tp and held at 250°C in At.

*C/R=carbon to alkyl group ratio by weight

R R% C/R

Methyl 3.65 27

n-Butyl 9.16 36

Hexyl 11.64 42

Figure 6. Weight loss after heating functionalized SWNTs under Ar

(a) Methylated SWNTs (b) n-butyl-SWNTs (c) n-hexyl-SWNTs

• Weight losses were obtained by thermal gravimetric analysis. It was programmed in three segments : (1)

ramping from room temperature to 80°C and hold for 30 min (2) ramping from 80°C to 250°C and hold

for 30 min (3) ramping from 250°C to 500°C and hold for another 30 min

The spectral signatures of pristine SWNTs return after heating n-hexyl-SWNTs in Ar at 800°C,

demonstrating that at the higher temperature, the alkylation is completely reversible (Figure 7). Further support for
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reversibilityisprovidedby Ramanspectra.Thusuponheating,therelativeintensitiesof thetangentialand
breathingmodesreturnandincrease.
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Figure 7a. UV-vis-Nir spectra of Ar heated

hexylated SWNTs

(a) Hexyl-SWNTs (b) Hexyl-SWNTs after heating
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Figure 7b. Raman spectra of Ar heated

hexylated SWNTs

(a) Hexyl-SWNTs (b) after Ar heating

Steric effects were evaluated by comparing the relative reactivites of n-butyl lithium and tert-butyl lithium.

Whereas the van Hove transition totally disappears for the products from the reaction using n-butyl lithium, it is

somewhat lower in relative intensity, yet observable, for tert-butyl lithium reaction(Figure 8). As expected, the

weight loss of t-butyl SWNTs is much less than n-butyl SWNTS after heating SWNTs in argon, confirming that tert-

butyl is not effectively reacted with SWNTs since both groups have the same molecular mass.

i t-BuLi 3.22

!' \ n-BuLi 9.16

{',

{ *_... "-.._ (b)
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Wave!eng31 _r.n.

Figure 8. UV-vis-Nir spectra of butylated SWNTs

(a) SWNTs reacted with t-Butyl lithium

(b) SWNTs reacted with n-Butyl lithium

R % is obtained from thermal gravimetric analysis

The effect of solvent on these alkylation reactions was also investigated. Fluorotubes are soluble in THF,

but not in hexane or ether. Table 2 shows the weight % gain when SWNTs were reacted with n-hexyl lithium at

room temperature in various solvents. The effect of temperature is illustrated in Table 3. The effect is negligible in

THF, whereas a significant increase of alkyl attachment is observed with n-hexane. Overall, we can obtain an

optimized yield of alkyl-SWNTs by lowering the reaction temperature in hexane solution.
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Table2.Weightpercentof attached n-hexyl groups
with reaction done in various solvents.

Table 3. Weight percent of n-hexyl groups on
SWNTs with different reaction T and

solvents

Solvent R%

THF 10.0

Ether 7.0

Hexa_e 11.7

TMEDA 6.54

R%

THF

Hexa_e

*R % is obtained from TGA

Room T -40°C

10.2 % 10.0%

11.7% 16.6%

These results are consistent with a multi-step process that is initiated by one-electron transfer from the alkyl

lithium reagent to the nanotube. Expulsion of fluoride from the resulting radical anion would lead to a radical site

on the SWNT. Recombination of the alkyl radical from the lithium reagent with the SWNT would lead to the

alkylated nanotube. Crowding of alkyl groups suggests that not every fluorine would be replaced by an alkyl group.

Steric effects probably account for the observation that more extensive alkylation occurs when sterically less

demanding methyl lithium is used. Additional strong support for the electron transfer process comes from the fact

that phenyl lithium which is known to react by a two electron process does not react with fluorinated SWNTs.

CONCLUSION

The reaction chemistry of solvated Fluorotubes could be an important route for preparation of various

functionalized tubes with a variety of useful properties. In addition, Fluorotubes can be used in several applications,

including battery and composite formation. We have also demonstrated that alkyl lithium reagents may be used to

attach alkyl groups to the sidewalls of nanotubes. Thermal gravimetric analysis combined with UV-Vis-Nir

spectroscopy provides a qualitative measurement of the degree of functionalization. The pristine nanotubes can be

recovered after thermolysis demonstrating that the alkylation is reversible. Evidence suggests that some of the alkyl

groups are attached to sites forming less stable C-R bonds. Chemical modification on the sidewall by alkylation

leads to derivatives that are soluble in common organic solvents such as tetrahydrofuran and chloroform. Future

studies will focus on cross-linking of SWNTs as a route to new materials that might be useful in the manufacture of

nanotube fibers and composites.
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ABSTRACT

Two samples of carbonaceous material produced in an electric arc were fluorinated. The first one was cut from
the inner part of cathode deposit grown in helium gas of 800 Torr and contained roughly 80% of multiwall tubular
and polyhedral particles, the second one was synthesized by co-evaporation of graphite and cobalt-nickel powder
and involved about 20% of single-wall carbon nanotubes. Fluorination of these materials was performed at room
temperature using a volatile BrF3. Elemental composition of the fluorinated samples contained multiwall and single-
wall nanotubes, which was determined by X-ray photoelectron spectroscopy, corresponds to CFo.3 and CFo_
respectively. Under the same synthetic technique graphite is fluorinated up to C2F stoichiometry.

Fluorinated materials were examined by transmission electron microscopy. Only two or three outer shells of
multiwall nanoparticles were found to be usually fluorinated, while the inner part retained intact. In the rare cases,
when the particles were conglomerated, they had up to 15 fluorinated layers with the estimated average separation of
5.21 A. The low-temperature fluorination was detected to reduce the content of multiwall nanotubes in

the sample that may be explained by peeling of the outer layers or tube unfolding. If so, the most of the arc-
produced multiwall carbon nanotubes are composed of the nested scrolls surrounding the cylindrical inner shells.
Fluorination also decreases the interaction between single-wall nanotubes composed a rope leading to they splitting.

Conductivity of pristine materials and fluorinated ones was measured by four-point technique. Upon the
fluorination the room temperature conductivity of the samples was found to decrease more than in 104. Similar
temperature dependence of conductivity for fluorinated and non-fluorinated multiwall carbon nanotubes at T< 100K
suggests a retention of intertube contacts in the former sample. The electric transport in the fluorinated single-wall
carbon nanotubes differs from that in the pristine material and is characteristic of narrow-gap semiconductors.

Field emission properties of pristine single-wall nanotubes and defluorinated ones were measured. The latter
sample showed the increase of electron emission in the low-voltage region of I-V dependence.
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ABSTRACT

We present a systematic study for purification process of singlewalled carbon nanotubes (SWCNTs), which
was developed by combining two-step processes of thermal annealing in air and acid treatment. The process

involves the thermal annealing in air with the powders to be rotated at temperatures of 470 °C for 50 rain, which
burns out the carbonaceous particles, and an acid treatment with HC1 for 24 hours, which etches away the catalytic
metals. Control of the annealing temperature and rotation of the sample are crucial for high yield. Our

reproducible optimal purification process provides a total yield of about 25 ~ 30 wt% with less than 1 wt% of
transition metals, which was confirmed by the thermogravimetric analysis (TGA). We also find that bundling and
length control depend on the different acid treatments. In order to disperse the SWCNT bundles, the hydrochloric
treated samples were again boiled in nitric acid for six hours. Scanning electron microscope (SEM) and

transmission electron microscope (TEM) indicate the well-dispersed SWCNTs, although SWCNTs were broken
into small pieces. We observe that some multiwalled CNTs were formed during the nitric acid treatment. The

origin of such a formation mechanism will be discussed.

Keywords: two-step purification processes, singlewalled carbon nanotubes, multiwalled carbon nanotubes.

INTRODUCTION

Traditionally arc discharge was used for mass production (refs. 1 to 3). More recently laser vaporization

technique provided relatively highly purified singlewalled CNTs (SWCNTs) (ref. 4). Most approaches in general
produce powders containing not only CNTs but also other carbonaceous particles such as amorphous carbons,
fullerenes, nanocrystalline graphites, and transition metals which were introduced as a catalyst during the synthesis
(refs. 1 to 7). These sometimes hinder an accurate analysis of the CNT characteristics and limit the best

performance of the CNT applications to new functional devices.
Several attempts have been tried to purify the CNT powders. Gas phase reaction or thermal annealing in air or

oxygen atmosphere has been attempted, although the yield of final product was relatively low (ref. 8,9). The key
idea with these approaches is a selective oxidative etching processes, based on the fact that the etching rate of
amorphous carbons is faster than that of CNTs. Since the edge of the CNTs can be etched away as well as

carbonaceous particles during the annealing, it is crucial to have a keen control of annealing temperatures and
annealing times in order to obtain high yield, although the yield is also dependent on the purity of the original
sample. Liquid phase reaction in various acids has been tried to remove the transition metals (ref. 7,10,11). This
process involves repeated steps of filterings and sonications in acidic solution, where the transition metals were

melted into the solution. CNTs are severely damaged with strong acid solution, although the wall structures could
be recovered by the subsequent annealing. Therefore the choice of acids, the immersing time, and temperature are
the key factors to have high yield, while maintaining the complete wall of CNTs. These two processes are

complementary with each other to remove the carbonaceous particles and transition metals.
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In this Letter, we adopt these two purification steps to SWCNTs synthesized by catalytic arc discharge. Special

cares are taken to have high yield during annealing process and acid treatment. The whole processes are

reproducible and completely robust for mass production. The total yield of 25 ~ 30 wt% was easily obtained with

the metal content of less than 1 wt%.

EXPERIMENTAL SECTION

Singlewalled carbon nanotubes (SWCNTs) were prepared by conventional catalytic arc discharge (ref. 12). The

total amount of catalyst in a graphite powder was fixed to be 5 wt%, with the ratio of the transition metals (Ni :

Co : FeS = 1:1:1), where sulfur is added as a promotor (ref. 12). The raw sample contains carbonaceous particles

and transition metals. The systematic purification procedure is as follows. This cloth-like raw sample was grinded

mechanically and transferred to the heating chamber, where the CNT powder was heated at 470 °C for 50 min in

air in order to remove carbonaceous particles.

In order to remove the catalysts, the annealed powder was immersed and filtered in 6 M hydrochloric acid

(HC1) for various times. To unbundle SWCNTs, the sample obtained at the last step was sometimes boiled in 30 %

nitric acid (HNO3) for 4 to 6 hours. After rinsing and drying, a grayish black, thin mat comprised of SWCNTs was

finally obtained.

RESULTS AND DISCUSSION

Figure l(a) shows a SEM image of the grinded raw soot collected from the whole chamber. In addition to the

bundle of SWCNTs, the white spot, carbonaceous particles, mainly amorphous carbons are shown in the figure.

Furthermore, we can see that the metal particles were mainly embedded in larger amorphous carbons, as evidenced

in Fig. 2(a). This sample was thermally annealed at 470 °C for 50 min in air to remove selectively the amorphous

carbons. The SEM image of oxidized SWCNTs is shown in Fig. l(b). The figure shows a dramatic decrease of

amorphous carbons after oxidation. As a result of oxidation, the weight of the soot was reduced to about 40 wt% of

the original sample.

,,w/,l_cN..,.. ,.%w._.:.N_,NoN z;.._.o. ,, ,....-.. '-,'.:.N,

[---------_.. _.:oa, ,;, _.. ,- ..... :..',- ..... -° .,o.._°;%%%_

=============================================

,._..3 %,.%..°...: ¢._.°g..,....,.-....o,.., .%°¢.,,-°... ,°.,.-,,_.-,.-._

..,'_,•%°%%°°-._o °-,%',-.o°-._°••°. ,%_.%_.o..•._.. °..% - ,_-._,,'o"," -'-'-_" ,"'.'-_-'-'_.','.":-', _".'.'-",':,'_;,._z"_
;','e¢,'.','.', •'.','•','.'.':.':,'e.', I, _'.%'_',',','.'._,_','_.._
•"."°• O','-'.•".'-'-'.'","'"-. '''.'._ ". ,'.b.'._ • """'e.',',_ .-._'.'_.-.'.'_.','.','¢•_',,._-_.._%_,_

D
o,o°_

:",4

_.>::

==========================================:::_
I-.-.-,-_o'. ,'._o'.%'o_._.°,:° .o-,_.°,_o',°,'._°%•.'o" • ° •.'_,_._'.'.'_'..'.'.'.'e.',..:'..'._'..'_,%'.'.,.'.'.::_ ._ ,_'-X-

,. _,I._..,....-.",;. ...... _...... 14....., ... ,%
o° o•%• •o ,o • _%• o%%%'o°o%_%_•%Oo••_oo_Oo-°•o ,oO,_•%Oo,

._°.".+. ".;.;_g .,•'..' °%:.:.:....°:.;.5', ,°" % '

_%'._,_.%.×.-.,g_., .,..,.,.,,...,..,,..-.-.....-,.,,,,_;:,.
_..%•. _°.,.,•°%:°,. _•... ,_.%o.%_,,°,.'.°,,.°._.,,.._.., _ °°_

_,:_,< <.,-,,.-.-.-."_..,,'.'," ......',':','..:'X,,'..,..%.

Figure 1. SEM images of (a) the raw SWCNT sample, (b) heat-treated sample, (c) HCl-treated sample, and

(d) HNO3-treated sample.
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TheTEMimageoftheoxidizedSWCNTsshowninFig.2(b)suggeststhatamorphouscarbonscoatedonthe
surfacesofSWCNTbundlesandthosesurroundingthecatalyticmetalswereremoved.Nowthetransitionmetals,
asindicatedbytheblackspotsinFig.2(b),areleft.Thetransitionmetalscanbeetchedawaybyanacidtreatment.
Figurel(c)showstheSEMimageoftheacid-treatedsample,wheretheannealedsamplewasimmersedin 6M
hydrochloricacidfor24hours.ThecorrespondingTEMimageinFig.2(c)clearlyshowsthatthetransitionmetal
particleswerewellmeltedaway.Yetsomecarbonaceousparticles,whichareleftduringtheannealingprocedure,
stillremainin thesample,asillustratedinFig.l(c).Specialcareshouldbetakentoobtainbetter-purifiedsamples.
Thisacidtreatmentgavetheyieldof70wt%ofthethermallyannealedsamples.Thusthetotalyieldoftwostepsis
about25-30wt%.InordertodispersetheCNTbundles,theabovesampleswereagainboiledin30%nitricacid
forsixhours.Someopaquebackgroundsrepresentthewell-dispersedSWCNTs,althoughSWCNTswerebroken
intosmallpieces,asshowninFig.l(d).It isinterestingtoobservesomemultiwalledCNTs(MWCNTs),asshown
inFig.2(d).
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Figure 2. TEM images of (a) the raw SWCNT sample, (b) heat-treated sample, (c) HCl-treated sample, and

(d) HNO3-treated sample.

The MWCNTs were formed during the nitric acid treatment. We tried several different boiling times in nitric

acid. The MWCNTs rarely appeared at boiling time less than 2 hours. Figure 3(a) is the high-resolution TEM

image of the sample boiled in 30% nitric acid for 2 hours. The SWCNT bundles and graphitic sheets are shown in

the figure. These graphitic sheets are believed to be produced by the part of SWCNTs. No graphitic sheet was

observed in the as-grown SWCNTs, as shown in Fig. 2(a). The sample treated by 30% nitric acid for 6 hours

showed mostly MWCNTs and graphitic sheet, as shown in Fig. 3(b). The observed MWCNTs are very defective

and bamboo-typed, similar to those grown by chemical vapor deposition at low temperature. It may be conjectured

that small graphitic flakes are intermediate phases during the transformation from SWCNTs to MWCNTs. Since

this is low-temperature (100 °C) process, this hypothesis of transformation is hardly acceptable. Catalytic

decomposition of SWCNTS and formation of MWCNTs should be involved in order to promote such reactions in

the electrolyte. Yet, the origin of such a formation mechanism is not clear at this moment.
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Figure 3. HRTEM images of HNO3-treated sample for (a) 2 h and (b) 6 h.

Figure 4 shows the thermogravimetric analysis (TGA) graphs and the differentiated TGAs in air for the raw

soot and the purified SWCNTs. In the raw sample, the weight starts reducing near 300 °C. This decomposition

temperature is relatively low but catalyst-assisted dissociation presumably takes place during the process. The

SWCNTs are completely burned near 900 °C. The remaining materials are the transition metals, which is about 8

wt%. This demonstrates the existence of at least three phases in the raw sample. One phase that shows a broad

peak position at 470 °C is assumed to be amorphous carbons, although small peak appears near 550 °C, which may

be conjectured as crystalline nanoparticles. Another phase at 800 °C is the SWCNTs. The larger integrated area of

the first and second peaks compared to the third one indicates that more carbonaceous particles than SWCNTs in

fact exist in the sample, reflecting the purity of our powder to be low. Our choice of the annealing temperature at

470 °C seems to be reasonable from this analysis. The TGA of the heat-treated sample (dashed line) shows

relatively a simple monotonic decrease with increasing temperatures. The amorphous carbons are mostly removed,

although a small amount of amorphous carbons still remain in the sample, as indicated by the small peak from the

differentiated TGA curve [Fig. 4(b-(ii))] near 400 °C. The remaining metal content is high in this case (18 wt%),

as expected from the relative composition. Figure 4(a-(iii)) shows that the transition metals are nearly melted away

to the TGA detection limit (< lwt%) for acid-treated sample followed by the thermal treatment. The differentiated

TGA peak (dotted line) is narrower in the purified sample, indicating mostly burning of the SWCNTs. Yet, a small

bump near 550 °C exists, suggesting that carbonaceous particles still remain in the sample. The estimated purity of

the sample from the integrated area of the differentiated TGA is about 96 wt%. After the nitric acid treatment, the

burning temperature is lowered, as shown in the dot-dashed line, and the CNT peaks are separated [Fig. 4(b-(iv))],

indicating some other new phases are generated during the nitric acid treatment, as suggested in the TEM images.
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Figure 4. (a) TGA and (b) differentiated TGA graphs of (i) the raw SWCNT sample, (ii) heat-treated sample,

(iii) HCl-treated sample, and (iv) HNO3-treated sample, respectively.
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CONCLUSION

We have obtained high-yield SWCNTs by combining two-step processes of thermal annealing in air and acid

treatment. The optimal conditions are the thermal annealing in air with the powders at temperatures of 470 °C for

50 min and HC1 acid treatment for 24 hours. Our reproducible optimal purification process provides a total yield of

about 25 ~ 30 wt% with less than 1 wt% of transition metals, and 96 wt% of purity, which was confirmed by the

thermogravimetric analysis. We observed a phase transformation from SWCNTs to MWCNTs in the nitric acid-

treated sample
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Both space molecule detection and clinical molecular diagnostics need to develop ultra sensitive
biosensors for detection of less than attomole molecules such as amino acids or DNA. However

all the electrode sensor systems including those fabricated from the existing carbon nanotubes,

have a background level of nA (nanoAmp). This has limited DNA or other molecule detection to

nA level or molecules whose concentration is much higher than attomole level. A program has

been created by NASA and NCI (National Cancer Institute) to exploit the possibility of carbon

nanotube based biosensors to solve this problem for both's interest. In this talk, I will present our

effort on the evaluation and novel design of carbon nanotubes as electrode biosensors with

strategies to minimize background currents while maximizing signal intensity. The fabrication

of nanotube electrode arrays, immobilization of molecular probes on nanotube electrodes and in

vitro biosensor testing will also be discussed.
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ABSTRACT

Multiwalled carbon nanotubes (MWNT) were found to be an effective separation media for removing CO2 from

N2. The separation mechanism favors the selective condensation of CO2 from the flowing gas stream. Significant

uptakes of CO2 were measured at 30°C and 150°C over the pressure range 0.5 to 5 bar. No measurable uptake of

nitrogen was found for this range of conditions. The mass uptake of CO2 by MWNT was found to increase with

increasing temperature. A packed bed of MWNT completely removed CO2 from a flowing stream of CO2/N2, and

exhibited rapid uptake kinetics for CO2.

Keywords: multiwall carbon nanotubes, gas separations, graphitization, molecular dynamics simulations.

INTRODUCTION

The feasibility of using a novel carbon-multiwall carbon nanotube membrane for separating CO2 from the flue

gas of a power generation plant is being studied. Such an innovative membrane system offers unique advantages

over existing technologies: refractory carbon-carbon membranes are resistant to temperature and chemical attack, the

multiwall nanotube derived pores in the membrane are mono-disperse, the pore size can be controlled, and the rapid

kinetic and diffusion rates will yield high permeate fluxes. As the first step toward design and construction of a

working carbon-carbon nanotube based membrane, specific goals have included evaluation of the separation

mechanism, either diffusive or adsorptive, and a test to demonstrate proof-of-concept separation. Experimental work

has determined uptakes and separation efficiencies for CO2 and N2 mixtures by open ended multiwall carbon

nanotubes.

As-produced multiwall nanotubes (MWNT) are open at one end, but contain small particulate inclusions of iron

catalyst blocking access to the core. We have found that a simple graphitization step (heating to 1800 °C in an inert

atmosphere) removes this iron contaminant, greatly enhancing adsorption within the nanotube core. We have

produced and graphitized sufficient quantities of MWNT to allow for bench scale studies on these materials.

EXPERIMENTAL

Production of MWNT

We have previously described the synthesis of MWNTs by reacting hydrocarbon vapor over a dispersed iron

catalyst that is deposited in situ in a quartz tube reactor within a multi-zone furnace (ref. 1). A xylene-ferrocene

feedstock was continuously injected via syringe pump into a preheat section operated at -250 °C. The xylene-

ferrocene vapors were swept into the reaction zone of the furnace by an Ar/10% H2 carrier gas that also maintained a

partial pressure of 32 mbar carbon inside the reactor. The reaction zone was held at 725 °C, with an Ar/H2 flow rate

of 6 L/min (STP). The operating procedure was: the quartz tube and substrates were installed into the furnace and

then purged with Ar gas; the preheater and furnace heaters were ramped up to achieve the desired stable

temperatures; the liquid and gas feeds were started and run for the desired reaction times. The MWNTs grew on
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boththequartztubewallandflatquartzplateaddedforadditionalsurfacearea,formingthickmatsofwell-aligned
nanotubesthatcouldbereadilyharvestedbybrushingthesurfaces.

GraphitizationofMWNT
Forgraphitization,thebulkMWNTsampleswerecenteredwithinahorizontalelectricresistancetubefurnace.

Afterpurgingthesystemwith dry nitrogen (Air Products NF grade) and maintaining slightly above atmospheric

pressure, the samples were heated from ambient to 1000 °C at 20 °C/min. Once 1000 °C was reached, the furnace

was put under automatic control (optical pyrometer) and heated at 12.5 °C/min to the set point. Samples were

treated to 2800 °C, and held at temperature for 45 min.

Mass Uptake of CO2 and N2 on Multiwall Nanotubes

The mass uptake of CO2 and N2 on graphitized MWNT was measured using the Hiden Intelligent Gravimetric

Analyzer (IGA). The nanotubes were loaded into the sample side of the apparatus, and the chamber sealed and

evacuated to 10-6 mbar. High purity CO2 or N2 was introduced into the chamber and the pressure raised in 500 mbar

increments to a maximum of 5 bar. At each pressure step, the IGA waits for the sample mass to equilibrate and then

records this value versus the samples initial value. This procedure was performed for both CO2 and N2 gases at 30°C

and 150°C.

Separation of Flowing Stream of CO2 and N2 on Packed MWNT Bed

Apacked bed ofnanotubes was used to separate a flowing stream of CO2 and N2. The gas composition was

50% CO2 and 50% N2 with a volumetric flow of 100 SCCM total. The bed consisted of 0.26 g of graphitized

MWNT packed into a fixed column 6 mm in diameter and 80 mm long. Ablank column of the same dimensions was

installed as a bypass line, and the outlet from this system (diluted with a carrier stream of He) was sent to a mass

spectrometer. Figure 1 shows a schematic of the fixed bed apparatus. Once a baseline spectra was determined by

flow on the bypass side, the gas flow was switched to the MWNT bed, the mass spectrometer was used to detect

CO2, indicating breakthrough. After saturation of the bed, the flow was switched to the bypass, and the time taken to

fill the empty bed was measured. The empty bed time was used to calculate the proportion of time for CO2

adsorption on the MWNT prior to saturation and the time due to simple flow dynamics. As the flow time on the

empty bed would in actuality be longer than for a packed bed, the measured CO2 uptake value on the packed bed

should be considered a minimum value and could be higher than that measured.

CO 2 Mass ]

Flow

Controller] I

N 2 Mass ] _

c°Fltr°ller _ L_
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He Sweep

Figure 1. Packed bed flow separation apparatus.
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TheMolecularDiffusionandDynamicFlowofCO2,N2and02throughCarbonNanotubes
ThesimulationswereperformedonaCompaqAlpha64Workstation.Thekeycomponentsofworkcompleted

orunderwaytosatisfythemodelingrequirementsare:

(1)SearchingLermard-Jonesparameters
Forthecalculationofintermolecularpotentialsandtotalenergy,Lermard-Jonespotentialparametersofnewly

appliedatoms,i.e.nitrogenandoxygen,hadtobeobtained.Whileparametershadbeencomputationallycompared
withthebondlengthsandbondingenergies,andeachother,wechosethebestparameters.

Atomic# AtomicMass[g/mol] JkB[K]* o[A]
C 6 12.0 28.129 2.757(ref.2)
N 7 14.0 37.300 3.310(ref.3)
O 8 16.0 80.507 3.033

(2)Coulombinteraction
Applyingpartiallychargedcarbondioxide,wehavetoaddedpotentialsduetoCoulombpotentialintototal

energy[4].
UqC*qC*=+6.105/rC*C*[eVA/A]
UqC*qO*=+3.053/rC*C*[eVA/A]
UqO*qO*=+1.526/rC*C*[eVA/A]

(3)Covalentpotentials
Theparametersforcovalentpotentials(Rebopotentialsinthissimulation)ofN2,02,andCO2arenotprepared

yet.Untiltheparametersforthegaseswillbeobtainedexperimentallyorcalculatedbytrial-anderror,weusethe
parametersassumedtobethesamevaluesasthoseforH2.

(4)Modificationtoexistingcode
Inadditionofsomeparameters,wearemodifyingourprogramfornewelementsbecausethecurrentlyused

programisadjustableforthesimulationofhydrocarbonsystemthatconsistsofjusttwoatomtypes.

RESULTS AND DISCUSSION

N2 and CO2 Adsorption on MWNT

The as-produced MWNT were graphitized prior to use to ensure removal of any blockages caused by residual

iron catalyst from the core oflhe nanotubes. No significant mass uptake of N2 was measured on the MWNT in

either static or flowing mode. The mass uptake of nilxogen was unaffected by temperature (30°C or 150 °C).

The mass uptake of CO2 on MWNT was measurable at both 30°C and 150°C. As shown in Figures 2 and 3, the

mass uptake was low (-3% by weight) but was significant. The uptake was higher at higher temperatures, indicative

of a chemisorption mechanism. A screening study showed this uptake to be reversible, therefore full desorption

isotherms will also be measured to determine if this mass uptake is reversible or not. This finding will significantly

affect the design of a MWNT membrane in future work.

The mass uptakes increased with increasing gas pressure (to 5 bar) as would be expected. The significant mass

uptake of CO2 onto the nanotubes at 5 bar and 150°C signifies that the MWNT are an effective medium for

separation of CO2 and N2. The goal of this project was to determine what separation mechanism would be viable for

the design of a nanotube membrane for CO2 removal from flue gases, either diffusion driven or condensation driven.

As the uptake of CO2 is significant while the uptake of N2 is negligible, the condensation mechanism appears to

dominate. However, full desorption isotherms at higher temperatures and continued modeling of the system are

required to fully understand the operating limitations of this system and to verify that condensation is the controlling
mechanism.

Apacked bed of MWNT was used to separate a flowing stream of 50 SCCM CO2 and 50 SCCMN2. The

packed bed configuration was employed to provide a more realistic comparison of the behavior of a membrane based

on MWNT. The packed bed also provides valuable data on the uptake kinetics relative to gas velocities and

concentrations. The bed was able to take up all the CO2 for 1.4 minutes (Figure 4), while the blank bed retained CO2
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Figure 2. Mass uptake of CO2 at 30 °C. Sample weights of 37 mg (VGB 42) and 54 mg
(VGB-S2).

for only 1 minute. Therefore the MWNT took up CO2 prior to breakthrough for at least 0.4 minutes (see

Experimental section as to why this is a minimum uptake value). This uptake value is in excess of 10% by mass and

indicates that nanotubes are an effective separation media for removing CO2 from N2. This result indicates that a

satisfactory separation of CO2 and N2 could be designed around a simple packed bed of MWNT.
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Figure 3. Mass uptake of CO2 at 150 °C. Sample weight of 54 mg.
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Modeling of Separation Mechanism
Classical molecular dynamics simulations are used to investigate the diffusive flow of pure molecules and binary

molecular mixtures. Standard Lermard-Jones potentials are used to model the intermolecular interactions. Both H-
terminated and C-terminated open nanotube ends have been considered. The specific molecules that are being
examined include methane, ethane, nitrogen, oxygen, carbon dioxide, methane/ethane, methane/n-butane,
meflaane/isobutane, nitrogen/oxygen, nitJcogen/carbon dioxide and oxygen/carbon dioxide (nitrogen/carbon dioxide
are specifically considered for flais project). The simulations predict which binary mixtures separate as a result of this
diffusive flow and which remain mixed. They also indicate how these results depend on the nanotube properties such
as diameter and helical symmetry. The simulations provide information about how flae structure and size of the
molecules in the mixtures influence the results. For example, n-butane and isobutane are predicted to have
significantly different separation behaviors when they are mixed wifla methane molecules. In addition, molecules
with non-spherical aspect ratios exhibit different behavior than spherical molecules that affects both their diffusion

mechanisms and their separations in mixtures. The study includes individual nanotubes and nanotubes in bundles and
flae degree of separation predicted depends on whether or not the nanotubes are in bundles.

We are working to incorporate the appropriate potential for characterizing N2/CO2 mixtures into the molecular
dynamics program. In some studies these molecules are treated as single, spherical particles (ref. 5). While this
simplifies the simulation considerably, our previous work has demonstrated that molecular shape can have a
significant influence on molecular diffusion through nanopores (ref. 6). Therefore the approach that is being taken is
one where the atoms are treated explicitly and the molecules are characterized with Coulomb and Lermard-Jones (L J)
potentials (refs. 7 and 8). The atoms in the carbon nanotube walls will be characterized with a many-body reactive
empirical bond-order potential that is coupled to LJ potentials (ref. 9).

CONCLUSIONS

MWNT have been shown to be an effective media for the separation of CO2 from N2. The results indicate flaat
flaese materials should be effective for separating CO2 from flue gases at elevated temperatures and pressures. The
data indicate that a MWNT membrane system could be designed based on the mechanism of CO2 condensation
within the pores of the nanotubes. As flais uptake of CO2 has been found to increase with temperature, these
materials seem ideal for use at the elevated temperatures found in a flue stream. Concurrently, the use of a packed
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bed of MWNT has been show to be an effective separator for CO2 from N2 and does offer an alternative technology

for performing this separation.
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Carbon nanotubes (CNTs) have attracted considerable attention as a field emiller material due to their

excellent field emission characteristics, strong chemical stability, and high mechanical strength. Despite a great deal
of effort to realize applications of CNTs, it is expected that the first application of CNTs with a large commercial
market would be electron emitters for field-emission displays (FEDs). bEDs 'are characterized by superior display
performances such as fast response time, wide viewing angles, wide operation temperatures, cathode ray tube (CRT)
like colors, ultra-slim features, low cost, and low-power consumption. The application of CNTs to FEDs necessitates
their vertical alignment on cathode electrodes for better electron emission. At present, CVD technologies to
synthesize well-aligned CNTs over a large area of glass substrates at low temperatures have not been well developed.
Thus, we have focused upon the development of low-cost, simple, and scalable screen-printing technology for the
fabrication of cathode plates with CNT emitters. It is expected that CNTs will enable the production of a low cost,
low-power consumption, and scalability.

Our team fabricated a field emission display (FED) panel with 4,5, 9, and 15 inch diagonals using single-
walled carbon nanotubes. Our studies, however, were restricted to diode structures. For full gray scales and high
brightness of FEDs, a triode structure is required. This study present triode-type FEDs with CNT emitters, including
under-gate triode and normal-gate triode structures. For the under-gate triode structure FED, gate electrodes are
placed underneath cathode electrodes with an in-between insulating layer, On the other hand, the normal-gate triode
emitter structure resembles the Spindt-type cathode except a larger gate hole diameter. For both triode emitter
structures, electron emission from the carbon nanotube emitters is modulated by changing gate voltages. This talk
will introduce their fabrication processes and emission characteristics in detail. Simplicity of structure and
fabrication processes of our triode structure CNT-FEDs seems to enable them to possess a high potential of practical
applications.

Keywords: carbon nanotubes, FEDs, new emitter materials, triode structure, screen printing
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ABSTRACT

Building successful devices based on carbon field emitters requires a fundamental understanding of emitter

behavior during field emission. Detailed investigations of the field emission behavior of individual single-walled

and multi-walled nanotubes have shown several properties that are particularly important for devices. We describe

these properties, which include adsorbate interactions, current saturation, field evaporation, and environmental

degradation, and we discuss their impact on the design of field emission devices. We then describe challenges and

recent progress in the development of large area field emission sources.

INTRODUCTION

In recent years field emission electron sources based on the Spindt tip process have been successfully applied as

broad area electron sources. The Spindt tip process uses relatively expensive processes and tools to lithographically

define, deposit, and control emitter geometry within a few tens of nanometers across a large area panel. High-

resolution displays have been built and sold using the Spindt technology) Yet there may be a less expensive way to

produce a large area electron source using field emitters. Carbon nanotubes are naturally sharper than Spindt tips,

and they can be produced with better control of nanometer-scale geometries than Spindt tips without the use of

expensive tools and processes.

At Motorola, we have investigated the feasibility of large electron sources built with carbon nanotube emitters.

Since electron sources and display designs must satisfy numerous and sometimes conflicting criteria, it is important

to understand in detail the behavior of the electron source, so that optimal designs can be implemented. In this

work, we present results obtained from a detailed investigation of the fundamental field emission behaviors of

carbon nanotubes. We have applied this understanding to the development of prototype electron sources for field

emission displays. We present our recent progress toward a large area field emission display (FED).

NANOTUBE ELECTRON SOURCE FUNDAMENTALS

Designing a practical device using carbon nanotubes as the electron source requires a detailed understanding of

the nanotube current-voltage behavior and the nanotube lifetime. Unfortunately, nanotube field emission behavior is

not as simple as depicted by mathematical models like the Fowler-Nordheim expression. Complicated physical

phenomenon and interactions with the environment occur under conditions used in device designs. The goal of this

investigation was to obtain the necessary understanding of nanotube field emission by thoroughly characterizing

nanotube field emitter behavior over a much wider range of operating conditions than would be encountered in any

given application.

In recent years, the field emission properties of broad area films have been measured using a broad area

phosphor or a small diameter metallic probe. While these techniques provide engineering information about emitter

uniformity and current density, they contribute little to the understanding of field emitter physics. The primary

shortcoming is that the cleanliness of the field-emitting surface can neither be measured nor controlled. The

electrode geometry has poor gas conductance and the emitters and anode are generally not thermally cleaned. The

local environment at the field emitter is dominated by outgassing from electron-bombarded surfaces, rather than by

the pressure of the measurement chamber. Consequently, the field-emitting surface is unknown.

Recognizing that the surface cleanliness of the nanotube was an important experimental issue, we chose field

emission microscopy (FEM) as our experimental technique. The geometry of a field emission microscope magnifies

the electron beam as much as 1,000,000 times. Spatial variations in the electron beam are readily observed, and

these are related to surface contamination, adsorption and desorption events, and the electronic and atomic structure

of the field-emitting surface. In contrast to using a broad-area electrode technique, the field emission microscope

a Ken.Dean@motorola.corn
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usesitsgeometrytoenhancetheelectricfield.Theanodecanbespacedfromthecathodebymorethan5cmwhile
maintainingoperatingvoltagesintherangeof500to5000V. This,incombinationwiththeabilitytobakeoutthe
anode,cathode,andvacuumsystem,provideawell-controlledvacuumenvironment.Thecathodeisalsoaffixedto
aheatingelement,allowingthetemperatureofthesubstratetobevariedfromwellbelowroomtemperatureto>
2000°Cwithinamatterofseconds.Withathermalcleaningprocedure,controlofthevacuumenvironment,andthe
abilitytomonitortheemittersurface,importantfieldemissionvariablescanbecontrolledprecisely.

Fieldemissionmicroscopyexperimentswereperformedinanultrahighvacuumchamber,whichincludeda
smallfield-emittingsamplepositionednominally2cmfromaphosphor-coatedanode.A detaileddescriptionofthe
apparatusandexperimentalmethodswerepresentedelsewhere.2Singlewallednanotubes(SWNT)wereattachedto
aW heaterfilament,whichallowedustoremovesurfaceadsorbatemoleculesthroughflashheatingof theW
filament.Nanotubeswereattachedtothefilament(withoutabinder)byrubbingthefilamentinnanotubepowder.
About25%ofpreparedsamplesemittedfromasinglenanotubeovertheentiremeasurablecurrentrange.Field
emissionpatternswererecordedusingacommercialCCDcameraandvideorecordingsystem.TheSWNTsamples
usedintheseexperimentsoriginatedfromeitherRiceUniversity(90%puresingle-wallednanotubesafterfurther
purificationatMotorola)orMaterialsandElectrochemicalResearchCorporation(5%single-wallednanotubesby
volumeinamatrixof carbonsoot).Wefoundthefieldemissioncharacteristicsfromthetwosourcestobe
indistinguishable.

Fieldemissionmicroscopyhasbeenusedtostudymetalsurfacesforover60years.Generally,theimage
producedbyfield-emittedelectronsonthephosphorscreenproducesanintricatepatternwiththesamesymmetryas
themetalcrystal.Contrastarisesintheimageasaresultofdifferencesintheelectronworkfunctionsofthecrystal
planesbisectedbythesurfaceandinthefieldenhancementdifferencesbetweenatomicstepsinthecrystalplanes.3'4
Inthecaseofnanotubesterminatedwithcapstructures,TamuraandTsukadahavecalculatedthelocalstatesexistat
thepentagonsinthenanotubecapwhichmightcreateenhancetunnelingattheselocations.5 Theexistenceofend
stateshasbeenverifiedbyCarroll,etal.usingscanningtunnelingspectroscopy.6 Consequently,onemightexpect
thatFEMimagesofnanotubeswillproduceapatterncorrespondingtothespatialdistributionoftheselocalcap
states.Inshort,nodesintheFEMimagemaybemapsofthepentagonlocationsonthecaps.Themostcommon
capstructuredepictedin theliteratureis the(10,0)cap,whichcontainsacentralpentagonsurroundedbyfive
symmetricallydistributedpentagons.However,thereareatleastsevendifferentcapstructuresthatcanexistatthe
endofthe(10,0)nanotube,andthereareasmanyas7700possiblecapstructuresforSWNTswithdiameterssmaller
than16A.7'8WeexpectedtoobservealargevarietyofnanotubeFEMimages,eachshowingatleastsixnodes.

OurfirstFEMexperimentswithsingle-wallednanotubesproducedimageswithone,two,andfournodes,with
twonodesbeingthemostcommon,andfournodesbeingrare(Fig.l).Overtime,theseimagesflickered,rotated,
andchangedtheirnumberofnodes.A largepercentageoftheseFEMimageswerelopsided,aswouldoccurif the
axisofsymmetryofthefieldemittingsurfacewasnotalongtheaxisofsymmetryofthenanotube.Thistypically
occursinchiralnanotubes,wheretheapexisnotalongtheaxisofsymmetryofthenanotube.Lopsidedimages
wereexpected.However,thesmallnumberofnodes,theloworderofsymmetry,andtheinstabilityoftheimages
werenotconsistentwiththeexpectedbehaviorofacappednanotubesurface.Intheliterature,nearlyidenticalFEM
imageswereproducedonmetalsurfaceswhenmoleculesadsorbedontothesurface,suggestinga similar
phenomenoninnanotubes3'9Thebehaviorofadsorbatesonmetalsurfaceshadbeenstudiedextensively,andseveral
otherbehaviorshadbeenidentified:(1)theimagenodeschangeovertime,(2)therateofchangeoftheimage
increaseswithtemperature,(3)theimageswereremovedbydesorbingthemolecule,leavingtheimageofaclean
metalsurface,and(4)theadsorbateimagesre-adsorbedontoacleannanotubesurfacebysupplyingadsorbate
molecules.WeverifiedallofthesebehaviorsintheFEMimagesanddeterminedthatadsorbatemoleculeswere
responsiblefortheone,twoandfour-lobedFEMimagesof ournanotubes2Moreover,tunnelingthroughan
adsorbatemoleculeproducesapproximately100timesthecurrentastunnelingthroughacleannanotubesurface,but
thecurrentfluctuates.Removaloftheadsorbateresultsin loweremissioncurrentandhighlystabletemporal
behavior.

Thisinvestigationdemonstratedthatnanotubefieldemissionoccurspredominantlythroughadsorbate
moleculeswhentheoperatingpressureisabove10-9torr,thevacuumsystemandphosphorhavenotbeenoutgassed,
theelectrodesarecloselyspaced,orthecathodehasnotbeenoutgassedabove600°C.Theseconditionsarenotmet
inmostnanotubeinvestigationsreportedintheliterature.It isalsonotclearthattheseconditionscanbemetin
practicaldevices.Consequently,field emissionfromadsorbatesis an importantaspectof bothnanotube
characterizationandnanotube-baseddevices.Inaddition,thedominanceofadsorbatefieldemissionundertypical
conditionsisnotlimitedtoSWNTsandMWNTs.Weseefieldemissionthroughadsorbatemoleculesinallother
carbonmaterialsthatwehaveinvestigatedin thismanner,includinggraphite,diamond-likecarbon,and
nanodiamond(Fig.2).
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Figure 1. FEM images resulting from adsorbate molecules on SWNTs, as compared to the more complicated

pattern produced by a clean SWNT.
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Figure 2. Adsorbate images observed from various carbon materials.

We found that field emission through adsorbates leads to increased field emission current and increased noise,

but it also causes current saturation behavior. Collins and Zettl 1° and Bonard, et al., 11 reported current saturation in

the I-V characteristics of carbon nanotubes. Using the field emission microscope, we were able to measure the I-V

behavior of a single SWNT while recording the FEM image. We found that current saturation occurs in the I-V

behavior of an individual SWNT, and the onset occurs for currents between 100 nA and 300 nA per nanotube. The

combination of FEM images and I-V measurements detail the process (Fig. 3). Initially, field emission occurs

through an adsorbate. As the current increases, the adsorbate desorbs at a current of about 100 nA, leaving the

nanotube surface clean, as seen in the FEM image. The I-V behavior now follows that of a clean nanotube. The

composite behavior of the two curves produces current saturation. The case in Fig. 3a clearly illustrates the

mechanism, but it is not the most common scenario. Generally, the adsorbate moves around on the surface before

desorption, resulting in several states prior to desorption, each with a lower current. The resulting current saturation

curve looks much smoother than that in Fig. 3a. Under ideal vacuum conditions, a hysteresis occurs in the I-V curve

when the adsorbate is removed because the down I-V sweep tracks the 'clean' I-V curve. However, when a single

nanotube is operated in a poor vacuum environment, such as 10 -6 torr with unbaked vacuum system and phosphor,

re-adsorption is rapid and no hysteresis occurs for slow I-V sweeps (fig. 3b). In Fig. 3b the error bars represent the

range of current fluctuation measured at each data point. The magnitude and frequency of current fluctuation

increase for currents in the range of 100 to 300 nA. This occurs because the high current density condition excites

the adsorbate molecule in a manner similar to thermal excitation, causing surface diffusion of the adsorbate. With

enough excitation, the adsorbate molecule desorbs and the current becomes stable.
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Figure 3. The field emission current of an individual SWNT saturates at ~ 100 nA because the adsorbate

molecule desorbs (a). The I-V curve follows the dashed line until desorption, where it then follows the solid

line for all voltages. Under non-ideal vacuum conditions, the up I-V sweep and the down I-V sweep both show
current saturation due to adsorbate surface diffusion, desorption, and readsorption (b).
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Therearemanyotherphenomenathatcausecurrentsaturationinothersystems,includingcontactresistance,
transportlimitation,internalspacecharge,andvacuumspacecharge.Thefactthatthe'clean' I-V curve does not

show current saturation to the destruction limit of the nanotube, even at much higher currents than 100 nA,

demonstrates that none of these other mechanisms are significant in this measurement. Calculations have shown

that vacuum space charge is not an issue and analysis of the electron energy distribution verified that other

mechanisms are insignificant.

Adsorbates can be removed from the surfaces of SWNTs and MWNTs by heating the emitter in ultrahigh

vacuum above 600°C for a few seconds. This procedure produces a clean nanotube surface with highly stable field

emission behavior. The current-voltage behavior is stable and repeatable over a large current range. 12 The I-V

characteristics of an individual SWNT produce a Fowler-Nordheim plot that was found to be linear over a large

current range (Fig. 4). The resulting field emission images of SWNTs generally show 4 to 12 nodes and the kinds

of complex patterns that could be consistent with the spatial distribution of electronic states in nanotube caps (Fig.

5a). The clean images of MWNTs generally show between four and six nodes, but the structure of the nodes are

quite different. The nodes are not solid and round as in the case of SWNTs, but rather they are pentagonal donuts

(fig. 5b). Interference fringes are also observed between the MWNT nodes. Another difference between clean

SWNT and MWNT images is that one adsorbate molecule tends to obscure all the nodes on a SWNT, but an

adsorbate molecule can exist on any or all MWNT nodes without affecting the others. This observation suggests

that nodes of MWNTs have a greater physical separation than the SWNT nodes. Because the shape and number of

MWNT nodes closely agree with the expected image arising from surface states at the pentagons, Saito, et al., have

proposed that these nodes are electronic states associated with cap pentagons. 13 The interpretation of SWNT FEM

images remains less clear.

106

v_ 107

10 s

8
10 9

10 lO
1400

e

1600 1800 2000 2200 2400

Voltage (V)

F_ e 1013

#e e
e.

_-10 t .,,.
1016 L

4104 5104 6104 7104

1N (V 1)

Figure 4. The I-V and Fowler-Nordheim plots for an individual SWNT show stable behavior consistent

with a tunneling process.
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Figure 5. Field emission microscope images of clean SWNTS (a) and MWNTs (b).

While the SWNT emission current is stable over several orders of magnitude, we observed a current threshold

beyond which the emission characteristics degrade rapidly. Under high current conditions, the Fowler-Nordheim

plot deviated from linearity, the field emission patterns became diffuse or blurred, and rings formed around the field

emission image (Fig. 6). These phenomenon all indicate that the local temperature of the nanotube tip is increasing

substantially. 14 We estimate that when the current from a SWNT reaches the range of 300 nA to 2 _tA in a room

temperature experiment, the local emitting surface temperature exceeds 1600 K. At this point, the nodes in the FEM

image spin rapidly. Prolonged spinning degrades the current-voltage behavior of the nanotube, consistent with a
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shorteningprocess.Ourresultsindicatethatthemaximumfieldemissioncurrentthatcanbeextractedfroman
individualSWNTislimitedb_thermally-assistedfieldevaporationof thenanotube.Weestimatethemaximum
currentdensitytobeinthe10 to 109A/cm2range,basedonournanotubedimensions.Incontrasttometals,the
thermalfieldevaporationprocessisgentleandit doesnotcreateadestructivearcdischarge.

ThegasesintheoperatingenvironmentalsoimpactthestabilityofSWNTfieldemitters.Inultrahighvacuum,
wefindalmostnodegradation.Forexample,inFig.7,tennanotubesfieldemitwitha100%dutycyclefor>350
hours.Inanothersetofexperiments,weoperatedthesameSWNTemittersfor40hoursinvacuumenvironments
containing10-6torrH2,10-7torrAr,10-7torrH20,and10-7torr02.Nodegradationwasdetectedduringoperationin
H2orAr. Somedegradationoccurredinwater,andoperationin10-7torr 02permanentlyreducedtheemission
currentby75%.Weconcludethatoxygen-containingspeciespermanentlydegradeSWNTfieldemissionbehavior.
Whilethismakesthefabricationofdeviceswithlonglifetimesmorechallenging,otherinvestigatorshadindicated
thatMWNTsshowbetterstabilitythanSWNTsintheirmeasurementenvironments.

Fromourinvestigationsofthefundamentalfieldemissionbehaviorsofcarbonnanotubes,wederiveseveral
designrulesforlargeareaelectronsources.First,adsorbateswillcontributetofieldemissioncurrentfluctuation,
eveninsealedvacuumdevices.Designsshouldincorporateamultiplicityofemittersperelementtostatistically
averageoutthefluctuation,therebyproducingmorestablecurrent.Currentfluctuationwillalsobesmallerinan
electronsourcedesignedsotheSWNTsdonotemitcurrentintherangeof100nAto300nA. Clearly,electron
sourcedesignscannotcalluponindividualSWNTstoemitmorecurrentthan300nAto2_tApernanotubewithout
irreversibledamagefromfieldevaporation.Thiscriterionsetsa limitfortheminimumnumberoffieldemitting
nanotubesnecessarytoachievecurrentdensityrequirements.Finally,oxygenandoxygen-containingspeciesmust
beremovedfromtheoperatingenvironmentofSWNTfieldemitterstoensurelonglifetimes.

<
t--"
v

off
,¢
-m

O

1000

100

10

1

0.1
500

.... i .... i .... i .... i .... i ....

600 700 800 900 1000 1100

Voltage (V)
1030V 1050V 1050V

Figure 6. The current-voltage behavior of an individual SWNT at high currents shows thermal field emission

and the FEM image blurs. Still higher currents induce movement of the nodes in the FEM image and cause

irreversible degradation of the I-V characteristics, consistent with field evaporation. Arrows in the 1050 V

FEM image depict the motion.
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Figure 7. The field emission current from 10 SWNTs shows no long-term degradation in ultrahigh vacuum

under continuous (non-pulsed) operation. Current fluctuation results from adsorbate interactions.
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LARGEAREADEPOSITIONOFNANOTUBES

Fieldemissioncathodesinthefieldemissionmicroscopeproducecurrentin themicroampererange.Most
cathodeapplicationsrequirealargeareacathodecapableofproducingcurrentsintherangeof10mAtomorethan1
A. Inthissection,wedescriberecentprogresstowardsalargeareafieldemissionsourceforfieldemissiondisplays
thatiscapableofproducingsuchcurrents.Forfieldemissiondisplays,thereareseveralotherspecificationsin
additiontothecurrentlevelthatmustbesatisfiedsimultaneously.Theelectronsourcesmustbebothcosteffective
andmanufacturableoverlargeareas,andtheymustbespatiallyuniformtowithin3%betweenadjacentpixels.
Economicallyviablelargeareadisplaysmustbefabricatedonglasssubstrates,andthisglassmustbeoneofthe
typesalreadymass-producedforLCDdisplays,windows,orplasmadisplays.Theglasseshavestraintemperatures
between~ 530°C(sodalimesilicate)and~ 666°C(aluminoborosilicate),but deformmeasurablyat lower
temperaturesgivensufficienttime.Thechallengeistodepositnanotubesontoalargeareasubstratewithoutusing
excessivetemperatures.

AtMotorola,wehavedevelopedtwomeansofdepositingfield-emittingnanotubesoverlargeareas.Either
methodcanbeusedtoplaceemittingnanotubesonthemetalizationpatternthatwedevelopedforfieldemission
displayswitha2.5"diagonaldimension.TwoofthesepatternsareincorporatedoneachOA10glasssubstrate
(fromNipponElectricGlass).In thefirstmethod,wegrownanotubesusingchemicalvapordepositionontoa
patternedsubstrate.Acatalystlayerisplacedontothesubstrateinthepixelregionstocontrolthelocationofthe
grownnanotubes.TheCVD-grownnanotubeshavediameterssmallerthan3nmandlengthsexceeding1.5_tm
(Fig.8b). Fieldemissionisuniformoveralargearea,asseeninalargeareadiodetest(Figs.8a,c).Noballast
resistorsareincorporatedinthisteststructure,sothefieldemissionuniformityreflectsthelengthuniformityofthe
nanotubes.Indiodemode,wetypicallymeasurecurrentdensitiesexceeding1.4mA/cm2ontheanodeor8mA/cm2
fromthenanotube-containingareasofthecathode.Thiscurrentdensityissufficienttoproducehighvoltagefield
emissiondisplaysforofficeandindirectsunlightapplications.Thepreliminaryexperimentalsystemsupportsa6"
growtharea,butthisareacanbescaledsignificantly.

Wedevelopeda secondmethodfordepositingfield-emittingnanotubesoverlargeareasubstratesin which
nanotubesareincorporatedintoabindersystem.Thenanotube/bindermixturecanbeprintedforlowerresolution
geometries,asdescribedbyLee,etal.15Sinceourtestvehicleisrelativelyhighresolutionanditrequirespatterned
dimensionslessthan 40 _tm, we incorporated the nanotubes into a photosensitive binder and patterned them to

produce discrete pixels. The nanotubes, as patterned, do not field emit well. We believe that they are pinned against

the surface by the binder or by surface forces. An activation step is required to produce the desired field emission

behavior. Others have reported the need for an activation process. 15 We developed an activation process that is

completely compatible with the fabrication of our triode and allows nanotubes to be deposited at any point in the

process. We have an in-house capability for activation over a 50" diagonal display.

The nanotube-in-a-binder method for producing large area electron sources promises to be a very inexpensive

and scalable process. A primary cost factor, that of capital equipment, is insignificant when compared to the

equipment required to make Spindt tip field emission displays or liquid crystal displays. Consequently, we expect

this nanotube method to be viable technology for displays with diagonal dimensions greater than 25 inches.

Figure 8. CVD-grown nanotubes on OA10 glass (a). Image produced on a phosphor screen during a field

emission measurement of the sample in (a) where the emitting region is a 2.5" diagonal area patterned with ~

49,000 pixels (b). Close-up view of patterned diode array showing pixelation (c). The diode has no ballast
resistors.
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NANOTUBEDISPLAYDEVICES

Oncethetechnologyexiststo depositlowcost,largeareananotubefieldemitters,thenextchallengeis to
integratetheseemittersintoa displaystructurewitha gatingelectrode.Whilesimplyfabricatingthegating
electrodeinawaycompatiblewithnanotubefieldemissionischallengingenough,alltheotherpartsandprocesses
ofthedisplaymustbecompatiblewiththisprocess.Theincorporationofspacers,getters,sealingmaterials,and
highvoltagetechnologyallplacelimitationsontheprocessesthatcanbeusedtofabricatethedevice.

Thedesignofthegatingelectrodewithnanotubesoftheproperdimensionhassignificantimplicationsforthe
overallcostoftheFED.Thisdesignaffectsthedrivingelectronicsthatwillbeusedtoproduceanimagein the
display.Thevoltagethatisrequiredtoturnapixelfromits'on'to'off' states,orswingvoltage,determinesthe
requiredsemiconductortechnology,andhencethecostofthedriverelectronics.Plasmadisplays,forexample,
swingmorethan150V,andtheyrequiresemiconductortechnologywithdielectricisolation.Driverelectronicsfor
anHDTV(720x 1280x3)plasmadisplaycurrentlycostthemanufacturersthousandsofdollars.16 Inthefuture,
drivercostsmightdecreaseto$1200.Thus,evenif thecapitalequipment,laborandmaterialsrequiredtofabricate
theFEDarefree,themanufacturingcostofadisplaywitha150V swingwillstillcostmorethanathousanddollars
tomanufacture,andthesalepricewillbesignificantlylargerthanthat.Wehavedeterminedthatwithaswing
voltageofabout50volts,wecanusedriverelectronicsdevelopedatMotorola,andforthesameHDTVresolution,
thedriverelectronicswillcostlessthan$100toproduce.

ForourfirstattempttointegratenanotubesintoanFEDtriode,weutilizedexistingSpindttiptechnology.
CatalystwaspatternedatthebottomofthewellsofSpindt-tipcathodesinplaceofthemetaltip. Nanotubeswere
grownintothedeviceusingtheCVDtechnologydescribedabove.AnexampledeviceisshowninFigure9. The
128x 128pixelarrayproducedananodecurrentdensityof1mA/cm2witha30V gateswing.Thiscurrentdensity
wassufficienttomakeahighvoltagefieldemissiondisplayforofficeandindirectsunlightapplications.Thelow
voltageswingcouldaccommodatelowcostdriverelectronics.Whilethisprocessdemonstratedthecompatibilityof
nanotubeswithatriodestructure,itdidnothaveamanufacturingcostthatwaslessthantheSpindttipfieldemission
display.ThecapacitanceoftheSpindtdeviceisalsoobjectionableforlargearea(>25"displays).

Wedesignedatriodestructureandafabricationtechnologyespeciallyfornanotubefieldemitters.Theprocess
isscalabletolargeareasandthecostofcapitalequipmentissubstantiallysmaller.Wesubstituteelectroplatingfor
someexpensivethinfilmprocesses.Thedevicecapacitancehasbeenreducedtotolerablelevelsforlargearea
displaysbyusinga10_tmcathodeplane-to-gateelectrodespacing.Thetriodestructurewasimplementedwithboth
theCVD-grownnanotubesandthenanotubesmixedwithbinder.A smallregionofatriodewithCVD-deposited
nanotubesisshowninFig.10toillustratethepixelation.Comparetothedioderesultsin figure8c.Noballast
resistortechnologyhasbeenusedinthisprototype.Thenanotubes-in-bindertechnologywasappliedtocreatea
fully-sealedfieldemissiondisplay,completewithspacersandRGBcolorphosphors.Witha70V swing,the
displayswitchedcurrentbetween0.01mA/cm2and3mA/cm2. Thisis adequateto produceindirectsunlight-
readable,high-voltagefieldemissiondisplayswithlowcostdriverelectronics.Theseprototypeswereoperatedwith
ananodevoltageof5KV.

CONCLUSIONS

Rigorousinvestigationof thefundamentalfieldemissionbehaviorof carbonnanotubeshasimprovedour
understandingofthefieldemissionprocess.Withthisunderstanding,wehavegenerateddesignrulesthatallowus
toimprovecurrentstability,provideanenvironmentforlonglifetimeoperation,andengineerdeviceswithsufficient
currentdensityatlowvoltages.Prototypetriodedeviceshavebeenbuiltthatoperatewithlowswingvoltagesand
produceenoughlightfortypicaldisplayapplications.
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Figure 9. A 128 x 128 triode array with CVD -grown carbon nanotube emitters. The image on a phosphor
screen was taken with a 3 mm anode-cathode gap (a). The current-voltage curve shows a 30 V swing is

required to produce sufficient current density.
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Figure 10. Close-up area of triode array with CVD-grown nanotubes (a). I-V curve for a triode using the

nanotubes-in-binder technique (b).
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THEIR APPLICATION TO A FIELD EMISSION DEVICE

Soo-Hwan Jeong, Hee Young Hwang and Kun-Hong Lee*

Electrical and Computer Engineering Division and Department of Chemical Engineering, Pohang University of
Science and Technology, San31, Hyoja-Dong, Nam-Ku, Pohang, Kyungbuk, 790-784, Korea

Won-Ki Cho and Kwang-Young Kim
LG Electronics Inc., 16 Woomyon-Dong, Seocho-Ku, Seoul 13%724, Korea

ABSTRACT

Carbon nanotubcs (CNTs) have drawn much attention because of their unique physical properties and wide
variety of applications. One potential application is the field emitter tip. Advantages of the CNT as a field emitter
tip include a small radius of curvature, a high aspect ratio, high chemical inertness and mechanical strength. Many
researchers have fabricated densely packed CNTs on the electrode for this purpose. However, this approach has a
negative effect on field enhancement due to the field screening effect.

Recently, the growth of aligned CNTs into the pores of anodic aluminum oxide (AAO) using bulk aluminum is
reported. AAO can be prepared by anodizing AI in various electrolyte solutions using DC current. By varying the
anodizing conditions, one can control the density, the diameter, and the length of pores. Therefore, specific
properties of CNTs can also be controlled by growing CNTs with AAO templates. Furthermore, fabrication of the
Spindt-type triode structure is straightforward and achieved with minimum effort.

Two types of aluminum samples were used for the starting material. One was a 12gin-thick sputtered A1 on Si
wafer and the other was a sputtered A1 film of 400 nm thickness on Nb-coated Si wafer. AAO templates were
fabricated by anodizing Al films. After the Co catalyst had been electrocliemically deposited into the bottom of the
AAO template, CNTs were grown by the catalytic pyrolysis of C2H2 or CO at 650°C. Overgrowth of CNTs on the
AAO templates was observed. The growth of CNTs in an AAO template is significantly influenced by the presence
of H:. With no hydrogen added, CNTs did not grow over the AAO template, while CNTs were overgrown with H2.
In fact, the growth of CNTs in the AAO template with a Co catalyst is believed to be a complex process, involving
competitive hydrocarbon decomposition by both cobalt particles at the bottom of pores and the AAO template itself.
The density of our samples is approximately 107-10 s tips/cm 2. The diameter of the CNTs strongly depends on the
size of the pores in the AAO template. The electron field emission measurements on the samples showed a turn-on
field of 1.9-2.1 V/p.m and a field enhancement factor of 3360-5200.

To avoid a field screening effect, a low density of CNTs was favored. Our observation concerning the low turn-
on field and high field enhancement factors is explained in terms of a low field screening effect. This approach could
open new opportunities for application of CNTs in field emission device.

Keywords: Carbon nanotube, Fieldemission, Nano-template, Anodic aluminum oxide, Anodization
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ABSTRACT

Carbon nanotubes were synthesized on silicon substrates coated with thin nickel film using
microwave plasma-enhanced chemical vapor deposition. Hydrogen plasma treatment was used to
vary the surface morphology of the thin nickel films. Scanning electron micrographs showed that the
size and distribution of the nickel clusters varied with the time of plasma treatment and bias voltage.
The nickel clusters were uniformly distributed over the silicon surface and expanded in their size as
the hydrogen plasma treatment progressed in time. Both the growth and field emission properties of
carbon nanotubes were strongly influenced by the surface morphology of the thin nickel films. The
field emission properties of carbon nanotubes were characterized by using a scanning probe and
diode-structured field emission systems. In addition, the structure of carbon nanotubes was studied
by high-resolution transmission electron microscopy.

Keywords: carbon nanotubes, chemical vapor deposition, hydrogen plasma treatment, field emission, and
electron microscopy.
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ABSTRACT

Multi-walled carbon nanotubes (MCNTs) were grown using microwave plasma enhanced chemical vapor

deposition in a gas mixture of H2 and CH4. Thin NiCr films deposited by RF sputtering were used as catalyst on

thermally oxidized silicon substrates. MCNTs were characterized using scanning electron microscopy, high-

resolution transmission electron microscopy, Raman spectroscopy, and I-V measurement. Vertically aligned growth

of straight and defect-free MCNTs with outer diameters as small as 7 nm were observed. The growth of ultra-fine

MCNTs was due to the small catalyst particle size, which was in the range of 10 nm based on scanning tunneling

microscope study. The emission current from an area of 4x4 mm 2 reached more than 2nA at an applied voltage of

100V with an anode-cathode separation of 100 gm. The current increased exponentially with the applied voltage

and reached 1 mA at 400V. The high emission current dropped and stabilized from 1.07mA to 0.95mA within a 3-

hour long-term emission stability test. However, at lower emission current of 52 gA, no such decay was found over

15 hours continuous operation. The low turn-on field and stable emission were attributed to small diameter of

MCNTs that were vertically aligned.

Keywords: carbon nanotubes, field emission, MPCVD.

INTRODUCTION

Since the discovery in early 1991(ref. 1), carbon nanotubes (CNTs) have been extensively studied for their

unique properties and potential applications in flat panel displays (ref. 2), hydrogen storage (ref. 3), nanoprobe and

nanoelectronic devices (refs. 4 and 5). The unique geometric structure of CNTs combined with high electrical

conductance makes them an ideal choice for cold-cathode electron emission sources, where an applied electrical

field instead ofthermionic heating provides the energy for electron emission. Turn-on field lower than 1V/gm and

emission current density of 1A/cm 2 have been achieved from multi-walled CNTs (MCNTs) (ref. 6). MCNTs in this

study were produced by catalyst assisted thermal chemical vapor deposition (CVD) on conductive TiN substrate. A

high current field emission electron source made of aligned CNTs was successfully fabricated by De Heer et al

(ref.7). Cathode ray tube lighting elements made of aligned MCNTs have shown life times exceeding 10,000 hours

without significant decay (ref. 8). All these results indicate that CNTs are very promising for field emission

applications.

Low turn-on field, high current density, and stable emission in less stringent vacuum environment are desired

properties of CNTs for field emission applications. Single-walled CNTs (SCNTs), due to their fine tube diameters

and defect-free walls, generally display low turn-on field (ref. 9). However, this advantage over MCNTs will be

partially offset by the fact that these fine tubes are often put together forming a larger tube bundle. The screen effect

induced by these closely packed tubes will reduce the field enhancement factor of each tube. The thin tube wall and

cap are prone to damage caused by residual gas ion bombardment and emission current overheating. The

consequences on emission current are large fluctuation and decay with time. MCNTs, on the other hand, are more

stable but have higher turn-on voltages mainly due to their large diameters and defective tube walls. SCNTs are

mostly produced by arc discharge and laser ablation, where the resulting tubes are non-selective on substrate and

often in bundles entangled together (ref. 10). Extensive post-deposition processes are required to make SCNTs

useful for field emission applications. However, MCNTs grown by CVD using catalyst assistance can be patterned

and grown vertically aligned to the substrates to form arrays of CNT emitters (refs. 11 and 12). Considering both

* Corresponding Author. Phone: 757-683-4967, Fax: 757-683-3220, E-mail: salbin@odu.edu
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processsimplicityandelectronemissionproperties,it isdesirabletoproducetheCNTswithemissionsproperties
comparabletoSCNTsandyetcanberealizedbythemethodsusedtoproduceMCNTs.

In thispaper,wepresentdetailsof CNTsgrownbymicrowaveplasmaCVD(MPCVD)usingNichrome
(Ni:Cr80:20)asacatalystandtheirfieldemissionproperties.Ourmethoddemonstratesbothlowturn-onvoltage
andstableemissionathighcurrentdensitymainlyduetothefineanddefect-freeMCNTsverticallyalignedtothe
substrate.

EXPERIMENT

CNTssamplesweregrownonoxidizedsiliconsubstratehavinga 100nmthickthermaloxidelayer.A
Nichromefilmof40nmthickdepositedbyRFsputteringonthesubstratewasusedascatalystforCNTgrowth.The
surfacemorphologyofthecatalystfilmwascheckedbyacanningtunnelingmicroscope(STM).Siliconsubstrates
wereeitherscribedinto4><6mm2rectangularchipsorpatternedusingconventionalphotolithographyprocess
followedbyconcentratedHC1etchingto formarraysofNiCrsquares.SubstrateswereloadedintoaMPCVD
system(ASTeX).Afterinitialpumpdownbyaturbomolecularpumpbackedtwostagepumpingsystem,the
graphitesubstrateholderwasinductivelyheatedupto600°C.Researchgradehydrogen(99.995%)wasleakedinto
thevacuumchamberataflowrateof300sccmandthechamberpressurewasmaintainedat20Torr.Microwave
plasmawasignited,andtheprocessgas,CH4,atflowrateof90sccmwasadmittedtoraisethechamberpressureto
30Torr.CNTgrowthlastedfor10minutesatamicrowavepowerof800W. ToverifyCNTgrowth,wecleaved
samplesandmountedthemverticallyunderscanningelectronmicroscope(SEM)toviewthecrosssection.CNT
structuresanddefectswerestudiedusinghigh-resolutiontransmissionelectronmicroscopy(HRTEM).CNTswere
detachedfromsiliconsubstratesbysubmerginginethanolsolutionwith ultrasonic agitation. The resultant CNTs-

ethanol mixture was transferred onto standard copper TEM grids coated with holely carbon film. A Nicolet Fourier

transform (FT) Raman spectroscope with a 1064 nm Nd:YAG laser excitation source was used to characterize the
tube structure.

Field emission I-V characteristics of CNT samples were obtained under a vacuum of 10 -7 torr through a diode

type measurement setup. This arrangement gave a nominal overlay area of 4x 4 rnm 2, which was deemed as the

effective area for emission current density calculation during the I-V analysis. The gap between the anode and CNT

surface was adjusted to be 100 bun. A 8-M_ ballast resistor was used at the initial stage of I-V testing to prevent

current run-away. However, this resistor was replaced by a smaller one of 100 K_ after the sample bum-in. The

voltage drop on the ballast resistor was excluded from calculations based on I-V characteristics.

RESULTS AND DISCUSSION

Fig. 1 shows an SEM micrograph of the CNTs grown by our MPCVD process. Vertically aligned CNTs of 3

gm in length can be clearly discerned from the micrograph. The alignment of CNTs is due to the self-bias induced

field at the sample and plasma interface (ref. 13). Also from Fig. 1, fine tubes protruding from the film (shown by

the arrows) are observed. Fig. 2 is the top view of an array of CNTs grown on patterned Nichrome film using the

same growth conditions. No CNT growth is found at regions where catalyst film had been removed. The result

demonstrates that CNT growth is strongly catalyst dependent.
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FIG. 1. SEM micrograph of CNTs grown by

MPCVD using NiCr as catalyst.
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FIG. 2. Top view of patterned CNT array grown

by MPCVD using NiCr as catalyst.
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FIG. 3. TEM micrograph of CNTs produced FIG. 4. HRTEM of a fine CNT produced

by MPCVD using NiCr as catalyst, by MPCVD using NiCr as catalyst.

Unlike the CNT grown by arc discharge or laser ablation, where no tube alignment and site selection can be

achieved, our method shows that the growth can be well controlled and thus, the process is feasible for making CNT

based microelectronlc devices and sensors. Fig. 3 shows a typical TEM micrograph of our MPCVD CNTs at low

magnification. The two arrows labeled A and B indicate two different types of CNTs, which have been identified

among all our CNT samples.

Type A shows tube diameters mostly larger than 20 nm and included catalyst particles within the tubes. These

tubes are found to contain various growth defects and irregular shapes. Bamboo type structures and catalyst filling

are also observed among this type of tubes. However, Type B shows totally different CNTs with long straight tubes

that are free of defects along the length. Under HRTEM micrograph shown in Fig. 4, the tube outer diameter is

measured to be 7 nm with seven graphene layers separated at 0.34 nm. CNTs of such small diameter have not been

reported for MPCVD growth. Tubes similar to Type B have been found among those grown by arc discharge (ref.

1), where the tube growth rate is much faster than that in the MPCVD process. STM image of Nichrome catalyst

film after sputtering deposition is shown in Fig. 5. The average catalyst particle size is around 10 nm. Smaller size

particles can also be seen in the sputtered film image. The small NiCr particle size is due to low power density

(0.5W/cm 2) and short deposition time (4 minutes) used for sputtering, where substrate heating is minimized. It has

been demonstrated that CNT diameters were directly related to the catalyst particle size in MPCVD growth (ref. 14).

Therefore, we believe that the growth of ultra-fine CNTs is the result of small catalyst particle size.

Results from FT Raman spectroscopy, shown in Fig. 6, reveal two distinct peaks at wavenumbers of 1286 cm -1

and 1583 cm -1. The peak at 1583 cm -1 is due to the strong, high frequency, in-plane stretching mode (E2g2 or G-

peak) of crystalline graphite (ref. 15), which is believed to be the structure of the CNT walls (ref. 16). Another

Raman peak from our CNT sample at 1286 cm -1 is found to be deviated from the typical Raman peak of disordered

graphite (D-peak), which is at 1360 cm -1 obtained mostly with Ar or Kr laser excitation sources (ref. 15). The strong

D-peak is believed to be the result due to carbonaceous particles, defective tube walls and ends, and finite size of the

crystalline domains ofnanotubes (ref. 15). It has been found that the disorder-activated D-peak could have a strong
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FIG. 5. STM micrograph of RF sputtered

NiCr film surface morphology.

FIG. 6. Raman spectrum of CNTs grown

by MPCVD using NiCr as catalyst.
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shiftupto50cmq/eV(ref.15)duetotheexcitinglaserphotonenergy,whichcouldaccountfortheobservedD-
peakshiftfromoursample,sinceweusedanIRlaser.SimilarD-peakshifthasbeenshowninreference14for
CNTsgrownbyMPCVDwhenusinga1064nm(Nd:YAG)lasersourceforRamanexcitation.Thelargeintensity
ratioofD-peakoverG-peakfromourCNTsampleisexplainedduetothesmallplanarcoherencelengthofthe
disorderedgraphiticmaterialinthefilm,wheretheD/Gratioisinverselyproportionaltotheplanarcoherencelength
overarangeof2.5-1000nm(ref.15).TheMPCVDprocessusedtogrowCNTsisbasicallythesameasthatused
fordiamondgrowthexceptthehighmethaneconcentrationandtheuseofNiCrcatalyst(ref.17).Therefore,it isnot
surprisingto frednano-sizedcarbonparticleswithcrystallinestructureincludedinthegrownfilm,whichwould
contributetothestrongD-peakintheRamanspectrum.

FieldemissionfromMCNTscanbeanalyzedusingthetheoryproposedbyFowlerandNordheim(ref.18).The
simplifiedtheF-Nequationisasthefollowing(ref.19):

I=aV2exp(-b), (1)

where I is the emission current, V is the anode voltage, a and b can be written as the following equations:

1.56 xl0- 6o_fl 2 (10.4

a- 1.10 d2 exp[_-_-), (2)

b = 6.44xlO703/2d/fl (3)

Variants in Eq. (2) and (3) represent emission area (a), emitter work function (_, separation between anode and

emitter (d), and field enhancement factor (fl). From Eq. (1), a plot of ln(I/V:) versus (1/V), called the F-N plot, will

result in a straight line of slope (-b). For a given field emitter, the work function of the emitter, the distance to the

anode, and the field enhancement factor generally do not change during the I-V measurement. Therefore, slope (-b)

is a fixed value as can be seen from Eq. (3).

Typical Field emission I-V characteristics from our CNTs sample at low current are shown in Fig. 7(a). The

emission current increased exponentially from 2.7 nA to 48 gA as the electrical field was raised from 1V/gm to

2V/gm. Fig. 7(b) shows the F-N plot of the I-V curve. The linear slope of F-N plot confirms the current is due to

field emission. The I-V characteristics are found to be consistent from samples prepared separately but under the

same conditions. On increasing the applied field further to 4V/Mm raised the emission current to more than 1 mA, or

an emission current density of 6.25 mA/cm 2, as shown in Fig. 8(a). The high current F-N plot, Fig. 8(b), revealed a

slope change at higher field.

The low threshold for field emission from CNTs has been mainly attributed to the large field enhancement from

the small diameter and large aspect ratio of the tube (ref. 20). From the slope of the F-N plot in Fig. 7(a) and Eq.

(3), we estimate the field enhancement factor of our CNTs sample to be 5500. This value is much larger than the

range of 1000-3000, typical of MCNTs, but within the range of SCNTs that are between 2500-10000 (ref.21). It has

been shown that fine MCNTs similar to our samples but produced by arc deposition, have better emission
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FIG. 7. I-V characteristics of CNTs at low emission current. (a) I-V plot, (b) F-N plot.
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FIG. 8. I-V characteristics of CNTs at high emission current. (a) I-V plot, (b) F-N plot.

characteristics than both catalytic grown open end and defective MCNTs and SCNTs, even though the latter samples
have a much smaller tube diameter and hence larger field enhancement factor (ref. 22). This is explained as due to
the lack of surface states at the tube end and due to the screening effect of SCNT bundling (ref. 22). Comparing the
two types of CNTs in Fig. 3, we conclude that good field emission characteristics are most likely originated from
type B CNTs with fine tube diameters. Efforts are underway to distinguish experimentally the emission

characteristics from the two types of CNTs in our samples.
The long-term emission stability was also measured at both high and low emission currents as shown in Fig.9(a)

and (b), respectively. The emission current starting at 1.07 mA gradually decreases and stabilizes at 0.95mA, giving
a 13% decrease in a 3-houz period of stability test. The decay of the emission current may be due to permanent
damage caused by high current at those emitting sites having large field enhancement factor. The stabilization of the
emission current with the time shows that more emission site may be activated to share the current load and reduce
the damage to the individual site. No decay is observed from Fig. 9(b) for CNT samples emitting around 52 gA
over 15 hours. This fuzther confirms that the emitting sites among the MCNTs are quite dense and stable for field
emission.
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FIG. 9. Long-term stability of field emission measured at (a) high current, and (b) low current.
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CONCLUSIONS

We have grown vertically aligned MCNTs by MPCVD using NiCr as catalyst. This method results in two

distinct types of CNTs. The samples have been characterized by SEM, TEM, Raman spectroscopy, and I-V

measurement. Tuxn-on field of 1V/gm at 2nA and emission current of lmA at 4V/Nn are achieved from samples of

4><4 mm 2 size. Good field emission characteristics obtained from the CNT samples are attributed to the unique

ultra-fine MCNTs with a tube diameter as small as 7nm. The small size of catalyst particle results in small tube

diameter. Stable, high current emission was achieved due to emission sites that are both dense and uniformly

distributed. These results demonstrate the potential of CNTs for various field emission applications such as flat

panel displays and vacuum electronic devices.
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ABSTRACT

Since their first successful synthesis by the arc discharging technique 1, and the subsequent method

with the metal catalyst in an inert gas atmosphere 2, extensive investigations on characteristics of carbon

nanotubes have been pursued due to their unique physical properties 3 and potential technological

applications 4. While the carbon nanotubes were observed to emit electrons efficiently, the mechanism

of electron emission is unclear. How the characteristics of carbon nanotubes influence these properties

is also not well-studied. In this paper, we systematically investigated how the deposition parameters

in this process alter the characteristics of carbon nanotubes. The correlation between the electron

field emission properties of CNTs thus obtained with their characteristics was discussed. In

conventional laser ablation process, the target was placed perpendicular to the incident laser beams, and

was maintained at reaction temperature (1200 °C). The substrates were placed at exhausting end of

quartz tube (water cooled) to collected the carbon nanotubes formed in carrier gas streams. By

contrast, in modified pulse laser deposition process, the target surface was inclined to direct the laser

ejected plume toward the substrates, with both the targets and substrates maintained at deposition

temperature.

Carbon Nanotubes (CNTs) possessing good electron field emission properties can be successfully

synthesized using laser ablation process. CNTs can be formed in gas phase by either using a furnace

(-1050 °C) to trigger the reaction at high temperature or using the laser beams to re-excite the carbon

species at room temperature. The yield is high, -100%, but efficiency in these processes in low, even

when the substrates were biased a high voltage (Fig. 1). Modified laser ablation process, in which the

energetic carbon species were collected by a catalyst coated substrates immediately after they left the

targets, and not only efficiency is markedly increase the collection efficiency, to about lmm/h, but also

significantly lowered the substrate temperature (-750 °C). However, suitable pretreatment on

Ni-cataJyst to form nano-sized catalyst clusters is necessary in order to growth CNTs, and the diameter

of CNTs is closely related to the size of catalyst clusters. Thus obtained CNTs can be turned on at a

field as low as E0= 1.8 V/gin, attaining emission current density as large as Je=180 mA/cm 2 under

4 V/_m applied field (Fig. 2).
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Fig.1 SEM micrographs of carbon nanombes deposited an silicon substrates, which were collected at

exhausting end of the quartz with the application of bias voltage to substrates.
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Fig.2 (a) Cross-ectiona3 SEM of CNTs deposited at 750 °C, under 50 torr of Ar:H2(5%) and (b)

electron filed emission properties of thus obtained CNTs.
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ABSTRACT

Multi-walled carbon nanotubes (CNTs) were grown by thermal CVD in C2H 2 mixed with diluting gas ofAr, H 2

or NH3. Nickel-chromium alloy (Ni:Cr 80%:20%) thin films (-50 nm thick) coated on n-type Si substrates were

used as catalyst. The substrate temperature was maintained at 800°C during CVD process at a pressure of 20 Tom

The CzH 2 flow rate was 30 sccm while the flow rate of the diluting gas was 300 sccm. No substrate pre-treatment

was used for CNT growth. The grown CNTs were multi-walled and were characterized using SEM and TEM. The

tube diameters of CNTs grown in CzH2/Ar and CzHz/H2 were 15-50 nm whereas samples grown in CzH2/NH3 were

much thicker, 25-100 nm in diameter. Field emission characteristics were measured through emission tests using a

diode configuration. The turn-on electric field was 2-3 V/gm for CNTs grown in CzHz/Ar and CzH2/H2 while it

increased to 3-4 V/gm for samples grown in CzHz/NH3. An emission current density up to 10 mA/cm 2 was obtained

from samples grown in CzHz/Ar and CzH2/H2 at a field of 4-5V/gm. CNTs grown in CzHz/NH3 had a higher turn-on

field and lower emission current density due to their larger tube diameters. Long-term emission stability tests showed

no decay during a 12-hour period when the emission current density was at -8.5 mA/cm 2. The results demonstrate

that the carbon nanotubes grown by thermal CVD can be used as a material for field emitters.

Keywords: carbon nanotubes, field emission, chemical vapor deposition.

INTRODUCTION

Carbon nanotubes (CNTs) are being investigated extensively for promising applications as field emitters (ref. 1

to 4) for flat panel displays (ref. 5 to 7) and vacuum microelectronic devices. CNTs have been prepared by various

methods (ref. 2, 4, and 8 to 11). Chemical vapor deposition (CVD) methods, such as microwave plasma CVD (ref. 4,

12, and 13) and thermal CVD (ref. 8 and 14 to 16), are commonly used to grow CNTs on substrates coated with

catalyst of Ni, Co, or Fe thin films. The catalyst film is required for nucleation and growth of CNTs. Compared to

microwave plasma CVD, thermal CVD is simpler and can be used to grow CNTs uniformly on large substrates.

Although microwave plasma CVD usually produces well-aligned CNTs, oriented CNTs can also be achieved by

thermal CVD (ref. 8, 15, and 16). However, some research groups reported CNT growth on insulating substrates (ref.

14 and 15); some methods even require porous substrates (ref. 8, 16) or pre-treatment on catalyst layer (ref. 14).

These methods may not be ideal for device fabrications. For thermal CVD, several gas mixtures have been used to

grow CNTs, such as acetylene-argon (ref. 14), acetylene-ammonia (ref. 16), and acetylene-hydrogen (ref. 15).

In this study, we present results of CNT growth by thermal CVD on NiCr coated Si substrates in acetylene

(C2H2) mixed with Ar, H2 or NH3 and their field emission properties.

EXPERIMENTS

CNTs were grown on n-type (100) Si substrates coated with -50 nm thick NiCr (80%:20%) film deposited by rf

sputtering. No substrate pre-treatments were done before the CNT growth. Thermal CVD growth of CNTs was

carried out in the vacuum chamber of a microwave plasma CVD system. The substrates were placed on an

inductively heated graphite heater with the NiCr film facing the heater. There was a gap of-1 mm between the heater

Author to whom all correspondence should be addressed; email: salbin@odu.edu, fax: (757)683-3220, phone:

(757)683-4967.
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andthesubstrate,thusgasmixtureshadaccesstothecatalystfilm.Thevacuumchamberwasinitiallypumpeddown
toabasepressurebelow10.4Torrwithoutgasfeed,thenthesubstrateswereheatedupto800°Cindilutinggases,
Ar,H2orNH3.Eachtimeonlyonedilutinggaswasused.Finally,thegaspressurewasraisedandmaintained
automaticallyat20TorrandC2H2wasintroducedtostarttheCNTgrowththatlastedfor10minutes.Thegasflow
ratesofC2H2anddilutinggaseswere30sccmand300sccm,respectively.Thegrowthprocesswasstoppedby
shuttingoffC2H2flowandthesampleswerecooleddowninArambient.

PropertiesofthegrownCNTswereinvestigatedbyusingSEM,TEMandfieldemissionmeasurements.Aplane-
to-planeconfigurationwasappliedtomeasurethedirect-currentfieldemissionproperties.Theareaoftheanodewas
2.5mm2,whichwassmallerthantheCNTsampleinordertoavoidtheedgeeffect(ref.17).Theseparationbetween
theanodeandCNTswas100gm.Fieldemissiontestswereperformedinavacuumbetterthan10.7TomA 100k_
protectingresistorwasusedinthetestingcircuit.

RESULTSANDDISSCUSSIONS

(c)

Figure 1. SEM and TEM micrographs of CNTs grown on NiCr coated Si by thermal CVD in: (a)

C2H2/Ar, (b) C2H2/H2, and (c) C2H2/NH3.
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C2H2/NH3,thetubediametersarelargerrangingfrom25to100nm.ThisresultmaysuggestthatNH3canenhance
thethermaldecompositionofC2H2orfavorCNTnucleationonlargercatalystparticles.Further,bothinnerandouter
tubediametersareirregularalongthetubeanddefectsarecommonlyseen.
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Figure 2. Field emission characteristics for CNTs grown in C2H2/Ar (curve A),

C2H2/H2 (curve B), and C2H2/NH3 (curve C): (a)I-Vplot, (b) F-N plot.

Figure 2 shows typical I-V characteristics of the field emission from CNTs. From the above discussion, it is

expected that the field emission characteristics will show some independence on diluting gases used in CNT growth.

For samples grown in C2H2/Ar and C2H2/H2, the turn-on field (1 gA/cm 2) was 2-3 V/gm and emission current density

up to 10 mA/cm 2 was observed at a field of 4-5 V/gm. For samples grown in C2H2/NH3, the turn-on field was higher,

around 3-4 V/gm and the emission current density was much lower than the other two kinds of samples. This result

could be explained by considering a lower field enhancement due to larger tube diameters.

The results for long-term stability tests are displayed in Figure 3. Samples grown in C2H2/H2 had similar results

with samples grown in C2H2/Ar which is shown in Figure 3(a). The curves indicate no decay of the emission currents

during the 12-hr test period. The samples grown in C2H2/NH3 have a slightly larger current fluctuation than the other

two kinds of samples. This could be due to the fact that samples grown in C2H2/NH3 have larger tube diameters,

therefore they have fewer emission sites to stabilize the emission current. The short-term current fluctuations were

less than 1 percent.
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Figure 3. Long-term emission stability for CNTs grown in: (a) C2H2/Ar, (b) C2H2/NH3.
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CONCLUSIONS

By using thermal CVD, multi-walled CNTs have been grown on NiCr coated Si substrates in three different gas

mixtures, C2H2/Ar, C2H2/H2, and C2H2/NH3. No substrate pre-treatment was used for CNT growth. SEM and TEM

images demonstrate that CNT diameters are dependent on diluting gases used in the CVD process. CNTs grown in

NH3 have much larger tube diameters than CNTs grown in Ar or H2, resulting in a smaller field enhancement for

field emission. CNTs grown in C2H2/Ar and C2H2/H2 have better field emission characteristics than those of CNTs

grown in C2H2/NH3.
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ABSTRACT

Highly aligned multi-walled carbon nanotube arrays were synthesized in large scale by pyrolysis of

acetylene on film-like iron/silica substrates at 600 °C. Scanning electron microscope images show that the nanotubes

grow outwards separately and perpendicularly from the surface of the substrate to form an aligned nanotube array.

The nanotubes within these arrays are of uniform external diameter (-20-40 nm), with a spacing of about 100 nm

between the tubes. The length of the nanotube arrays increases with growth time, and reaches -2 mm after 48 hours

growth. The growth rate is -30-40 gm/h. The nanotube arrays can be easily stripped off from the substrates, and

transmission electron microscope observations reveal that the bottom ends of the tubes are naturally opened while

the top ends are closed and catalytic nanoparticles are encapsulated at the tips. The tip-guided growth of tubes might

be responsible for the formation of the opened carbon nanotubes.

A very low-field emission was achieved from the aligned and opened carbon nanotube arrays. Field

emission current densities of 10 gA/cm 2 were observed at applied fields of 0.6-1 V/gm, and current densities of 10

mA/cm 2 have been realized at applied fields as low as 2-2.7 V/gm. These results indicate that the aligned and

opened carbon nanotube arrays are superior field emitters.

Key words: aligned carbon nanotubes, opened carbon nanotubes, field emission

1. INTRODUCTION

Carbon nanotubes have been the focus of intense research interest since their discovery a decade ago (ref.

1) because of their unique physical and electronic properties. Carbon nanotubes can now be produced in large

quantities by the arc method (ref. 2), laser ablation (ref. 3) and thermal decomposition of hydrocarbon (ref. 4).

Controlled growth of aligned carbon nanotubes is important for both potential applications and detailed

characterizations of their properties. Up to now, several techniques based on thermal decomposition of hydrocarbon

have been developed to produce aligned multi-walled carbon nanotubes. For example, Li et al. (ref. 5) used

mesoporous silica substrates with aligned pores in which catalyst particles were embedded to produce aligned,

isolated, and dense carbon nanotubes. Terrones et al. (ref. 6) produced aligned tubes using laser-etched cobalt thin

film as a substrate. Pan et al. (ref. 7 and 8) successfully grew very long (up to 2 mm) aligned and opened carbon

nanotubes by pyrolysis of acetylene over film like iron/silica substrates. Ren et al. (ref. 9) and Fan et al. (ref. 10)

reported the aligned nanotubes grown on the glass and silicon substrates, respectively. The aligned carbon nanotubes

obtained by these researchers have a common feature: the nanotubes are approximately perpendicular to the surfaces

of the substrates from which they grew out, which is helpful in, for example, the investigation of some properties

and special applications of tubes. In particular, the successful synthesis of very long nanotubes (ref. 7 and 8) make

us possible to measure the tubes' properties by some conventional methods, and thus they are a suitable candidate

for studying their thermal (ref. 11), mechanical (ref. 12), and field emission properties (ref. 13).

Carbon nanotubes posses various superior properties for using as field emitters, such as sharp tips with a

nanometer-scale radius of curvature (ref. 1), high mechanical stiffness (ref. 14), high chemical stability (ref. 15), and

unique electrical properties (ref. 16). Indeed, recent field emission measurements show that carbon nanotubes

exhibit promise as field emitters in applications such as flat panel displays (ref. 17 to 22). The reported turn-on field

(Eto) and threshold field (Ethr) for electron emission, defined as the macroscopic fields needed to produce a current

*Corresponding author. Tel.: +1-404-385-0326; fax: +1-404-894-9140;

e-mail: zhengwei.pan@ mse.gatech.edu
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densityof 10gA/cm2and10mA/cm2,respectively,areintherangeof2-5V/gmand4-7V/gm.Thesevalues
shouldranknanotubesamongthebestelectronfieldemittersthatarenowavailable.However,theexperimental
measurementsalsoindicatethatmuchlower-fieldemissioncanbereachedif thenanotubesarealigned(ref.18)
and/oropened(ref.21)Thus,bothalignedandopenedcarbonnanotubesareessentialforbuildingtheverylow-field
nanotube-basedemitters.

In thispaper,wewill describeourresultsin thesynthesisof verylongalignedandopenedcarbon
nanotubesarrays,aswellastheirfieldemissionproperties.

2.EXPERIMENTAL

Thesubstratesweusedtosynthesizeverylongalignedandopenedcarbonnanotubearrayswereprepared
byasol-gelprocessusingthefollowingtechnique.

Tetraethoxysilane(10ml)wasmixedwith1.5Mironnitrateaqueoussolution(15ml)andethanol(10ml)
bymagneticstirringfor20min.A fewdropsofconcentratedhydrogenfluoride(0.4ml)wasthenadded,andthe
mixturewasstirredforanother20min.Themixturewasthendroppedontoaquartzplatetoformafilmwith
thicknessof30-50gm.Aftergelationofthemixture,thegelwasdriedovernightat80°Ctoremovetheexcess
waterandothersolvent,duringwhichthegelcrackedintosmallpiecesofsubstrateswithareaof5-20mm2.

Thesubstrateswereplacedin a quartzboatandwerethen
introducedintothechamberof atubefurnace.Thesubstrateswere
calcinedat450°Cfor10hoursundervacuumandthenreducedat500
°Cfor5hoursinaflowof9%hydrogeninnitrogenunder180Torr.At
thisstage,largequantitiesofnanoparticleswithsizeof5-50nmformed
evenlyonallsurfacesofthesubstrates(Fig.1).Energy-dispersivex-
rayspectra(EDS)takenfromtheseparticlesshowedthepresenceof
iron,siliconandoxygen,whichindicatedthatthesenanoparticleswere
iron/silicananocompositeparticles.Theseiron/silicaparticleswill act
ascatalystsfornanotubegrowth.Subsequently,aflowof9%acetylene
in nitrogenwasintroducedintothechamberata flowrateof 110
cm3/min,andcarbonnanotubeswereformedonthesubstratesby
depositionofcarbonatomsfromthedecompositionofacetyleneat600
°Cunder180Torr.Thegrowthtimevariedfrom1to48hours.

Theas-grownnanotubeswereexaminedbyscanningelectron

•. ' 200 nm'

Fig. 1 SEM image of the substrate after

reduction, showing iron/silica nanoparticles

with size of 5-50 nm present evenly on the
substrate's surface.

microscope (SEM) and transmission electron microscope (TEM). The field emission measurements were carried out

in a vacuum chamber using a parallel plate configuration as that shown and described in Section 3.3.

3. RESULTS AND DISCUSSION

3.1 SEM and TEM results

We have used the method described above to prepare carbon nanotubes at a very high yield. After growth,

every surface of the substrate is covered with a nanotube array composed of large quantities of highly aligned

carbon nanotubes (Fig. 2a). The length of the nanotube arrays increases with growth time, and reaches up to 2 mm

after 48 hours growth (Fig. 2b), which is an order of magnitude longer (1 mm vs. 100 gm) than that described in

most previous reports. The growth rate is -30-40 gm/h. We believe that the length of the nanotubes could be even

longer if the growth time was further increased. The area of every aligned nanotube array is equal to the relevant

surface area of the substrate from which the nanotubes grow out; the largest area we have obtained is -15 mm 2.

High-magnification SEM image (Fig. 2c) shows that carbon nanotubes grow out separately and

perpendicularly from the substrate to form an array. The nanotubes within the array are of uniform external diameter

(20-40 nm) and spacing (-100 nm) between tubes. Most of the nanotubes in the array are highly aligned, although a

few of them appear to be slightly tangled or curved. We noted that no traces of particles or other graphitic

nanostructures are detected in both the bottom part and central part of the array, which indicate that the nanotubes

prepared in this study have very high purity.

The nanotube array can be easily stripped off from the substrate without destroying the array's integrity,

and the SEM image (Fig. 2d) taken from the bottom end of the array confirms that the nanotubes are highly aligned

and well separated. EDS collected from the bottom end of the array demonstrate the presence of carbon alone,
neither silicon nor iron could be detected.

NASA/CP--2001-210948 731 August 6, 2001



:_i:i' " _:" .:!::"i: " ":'_!:"'_ _.

_.:_::__:N,_._.':..:_::_"!:i:i: ._"i .::: .4" "!:: ..':" .._!

.................... ii

___!!i__'ii".::i:" .:iiii iii'!:!i_:: i:i:!':::.":" !:i:!:"

............................................ i:i'".:'.'i. ....

Fig. 2 SEM image of aligned carbon nanotube arrays. (a) A sample after 4 hrs of growth, showing nanotube arrays growing out

perpendicularly from the relevant substrate surfaces (indicated by arrows). (b) A sample after 48 hrs of growth, showing 2 mm
long nanotube arrays formed on both side of a film-like substrate. (c) Higher magnification SEM image of an aligned nanotube

array, showing nanotubes growing out separately and perpendicularly from the substrate surface. (d) Bottom structure of the

nanotube array showing well-separated, aligned nanotubes.

During SEM observations, we noted that the bottom ends .................._..........._.........._....._............._.........._...._'....___...

iiiiiiii!iiiiiiiiiiiiiii!!iiiiiiiiiiiiiiiiiii of the nanotubes seem to be opened (see Fig. 2d). In order to verify : : : i i i

 ,<i::iiiiii',ii!iii,,iiiiii,,iiiiii,,;!iiiii i,i,iiiiiithis point, we observed the bottom ends of nanotubes in TEM. Low-i[iiiiii;i;iiiiiii;i!!ii!iiiiiii_i!;i iresolution TEM observations of the bottom end of the nanotube i:;[i!_i

:i:i:i:i:i:i:i:!:i:i:i:i:i:i:!:i:i:!:::!:i::4._.:!:i:i:i:i:i:._i:_:::i:!!.i._i:i:i:!:
array reveal that no seamless caps exist at the bottom ends of the ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
nanotubes and the tubes are indeed opened (Fig. 3a). That is to say, ::::::::::::::::::::::::::::_::::::::::::::::::::::::::_:::::::::::::::::::_.:::::

,...*,.o_._,,.°.*,..*.,o-.; .,.,.°.°°°°_.o..°,i..°o*,-_°,. _-_-,°°,_,o°°°°°...,,,&.,-_-

we have directly prepared open-ended aligned carbon nanotubes by ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
,,°_,o%O°*°*o°°*_ °o °%%_,°%°°°°°°°°*,%,,*°°, _ _*°oo°_°,;_Oo°°_._',%%o°chemical vapor deposition without any treatment such as oxidation. ,.°.-...........-....::_.':°....e,....v............_°aI......,..........¢.......-.N
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

High resolution TEM observation (Fig. 3b) shows that the opened :.:.:._.4::':.:.:.:.:.:.:.:.:.:::°:,..:.:.:,:<4;>a.:.:;X4-:_._-:.;]_,(4_;.;,:
and aligned nanotubes are well graphitized and typically consist of ';':<°.':':':':'a':':':':':':'.':'>:':gg°:':':':':'e:':-_4+:':_;'_g"

10-30 concentric graphite layers. Contrast to the opened nanotubes :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
obtained by oxidation methods (ref. 23 to 26), our opened and :._:_.:_:_:.:_:_:.:._.:.:.:._:._.:.:._.:.:_.:._';_;_;_:'_:_:':':_;_;':__.:__ ;:
aligned carbon nanotubes have a fine out-layer without any ::::::::::::::::::::::::::::::::::::::_:::::::::::::_:_:::::::::_:::_:_:::_:::_::::::::::

damaging, iiiiiii_iiiii:i:!:!:!:i:i:i:i:!:_:i:i:!:!:_:i:i:i:i:i:i:i:i:i:!:!:i:i:i:i:i:ii

We have also examined the top ends of the nanotube

arrays by both SEM and TEM. The SEM observations reveal that
large quantities of nanoparticles with size of 5-50 nm exist on the iiiiiiii!ii!!iiiii_!!_iii!i!!iiiiiii_!i!!!_i_i_iii!i_!!i!iiiii!!i!!i__a_"_

top ends of the nanotube arrays (Fig. 4a). The size and distribution i_iii__iiiii_iiiii_i_i!_iiiiii!iii_iiiii!i!i_iiii__ii_ii_iiii_i_iii_i!iiiii!iiii[iiii!iii!
,,o,,,,o,,ooo°o,o°o°o,o°,°oo°,°,°°°o°°°,° ....

of these particles are similar to the iron/silica nanocomposite Fig. 3 (a)Low-resolutionTEMimageofthe

particles formed on the surfaces of the substrates after reduction bottom end of a nanotube array showing aligned

(see Fig. 1). EDS collected from these particles show the presence and opened tubes. (b) High-resolution TEM

of carbon, iron, silicon and small amount of oxygen, which image ofthebottom end of an opened nanotube

indicates that these particles are iron/silica nanocomposite particles showing bowl-shape structure (indicated by an

covered with a thin carbon film due to carbon deposition, arrow) formed by the graphite sheets.
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Therefore,webelievethattheseiron/silicaparticlesarethose
presentonthesurfacesofthesubstratesbeforenanotubegrowth.
In orderto verifythisidea,weobservedthesubstratesfrom
whichthenanotubearrayshavebeenstrippedoft,noparticlewas
observedonthesurfacesof theresultingsubstrates.Thatis to
say,theiron/silicaparticlesthatpresentonthesurfacesofthe
substratesbeforenanotubegrowthwere"lift up" fromthe
substratesandtransferredtothetopendsofthenanotubearrays
bythegrowingcarbonnanotubesduringthegrowthprocess.It is
interestingto notethatsubsequentreductionof thesubstrates
afternanotubegrowthresultsin thetransportationof more
catalystparticlestothesubstratesurfacesfromwithinthebulk
substrate.Therefore,thesubstratescanbere-usedafterreduction
togrownewnanotubearrayswithcharacteristicssimilartothe
originalones.

TEMstudiesshowthatthetopendsofthenanotubes
areclosed,andencapsulatediron/silicananoparticlesare
consistentlyobservedatthetopendsofthetubes(Fig.4b).

t :i:i:i:i.':"

.'_'_m...°..,,i.:,_,l...,...4,,,....

....... -',I,."..... _..,/_t_°'._;_,_:_ .....................................

Fig. 4 (a) SEM image of the tip structure of the

nanotube array showing iron/silica catalyst particles
with size of 5-50 nm. (b) TEM image showing the

encapsulated particle at the top end of the nanotube.

3.2 Growth mechanism

Several models have been proposed to explain the formation mechanism of carbon nanotubes prepared by

catalytic decomposition of hydrocarbon (ref. 27). It is generally accepted that the tubes grow by the extrusion of

carbon, dissolved in a metallic catalyst particle that is oversaturated in carbon at one part of the surface, and that the

catalyst particles promote "tip growth" or "base growth" depending on the contact force between the particles and

the substrate. For our case, the SEM and TEM results shown in Section 3.1 clearly show that the iron/silica catalyst

particles promote "tip growth" growth process and play an essential role in the formation of the opened nanotubes.

Fig. 5 schematically shows the tip growth model of our very long aligned and opened carbon nanotubes.

C b C C

Cata!ysl l_t.icle \\

(a) (9 (_) (¢

Fig. 5 Tip growth model of very long aligned and opened carbon nanotubes

After reduction, the iron/silica catalyst particles were formed on the surface of the substrates (Fig. 5a).

These particles are tangent with the substrate surface, so the combination force between the particles and the

substrate is very weak. During carbon deposition, carbon atoms resulted from the decomposition of acetylene

deposit on the surface of catalyst particles and then diffuse to the annular area between the particles and substrate

through surface diffusion and/or bulk diffusion (Fig. 5b), and form tube-like structure (Fig. 5c), i.e., carbon

nanotubes. Since the connection between the particles and substrate is very weak, the growing carbon nanotubes will

"lift up" the catalyst particles away from the substrate and initial the tip growth. The annular area between the

particles and substrate determine the inner diameter of the tubes. During carbon deposition, the catalyst particles

keep active and continuously absorb the carbon atoms from the vapor gas, so the carbon nanotubes can grow

continuously and thus their length increase with the growth time (Fig. 5d). We note from Fig. 5d that the hollow

cavity of the nanotubes is directly connected with the surface of the substrate, i.e., no seamless graphite cap exist at

the bottom end of the tubes, so the bottom end of the nanotube must be opened and should form a bowl-shape

structure if the nanotubes are removed from the substrate. The TEM image shown in Fig. 3 confirms this point.

It is not clear at this stage how such regularly aligned nanotube arrays form. In the case of the bulk

mesoporous substrate containing iron nanoparticles embedded in the pores, the template effect of the pores

constrains the carbon nanotubes to grow along the axis of the pores to form an aligned nanotube array (ref. 5). But in

the present case, no pore exists in the thin film substrate. Overcrowding growth (ref. 6) or competition growth

mechanism (ref. 28) may be responsible for the unique nanotube growth behavior reported here.
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3.3Fieldemissionproperties
Thefieldemissionmeasurementswerecarriedoutinavacuumchamberatapressureof -5×10 .7 Torr at

room temperature. Fig. 6 shows the schematic diagram of the experimental setup. An aligned carbon nanotube array,

which was used as the cathode, was attached to a stainless steel substrate by silver paste, with the bottom ends of the

nanotubes facing upward. In this configuration, the nanotubes

were placed with their long axes perpendicular to the substrates,

and the bottom end of the nanotube array, which was composed of

high density, well separated, highly aligned and opened nanotube

tips, acted as the emitting surface. A copper plate with a diameter

of 1 cm, mounted on a precision linear feedthrough, was used as

the anode. A variable positive voltage up to 5 kV was applied to

the anode and the emission current (/) was indirectly determined

by measuring the voltage across a 500 k_ resistor. The distance

(d) between the emitting surface and the plate was determined by

first lowers the plate to the sample until electrical contact was

observed, then lifting the plate to a certain value. The

macroscopic electric field (E) was estimated by dividing the

applied voltage by the sample-anode separation (V/d). The

emission current density (J) was calculated from the obtained

emission current and the cathode surface area measured by SEM.

Four plots of emission current density versus

electric field (J-E plot) for a typical carbon nanotube array

with an emitting surface area of -4.62 mm 2 are displayed in

Fig. 7. These data were collected over four anode-sample

distances, 600, 550, 500, and 450 btm. The voltage was

raised from zero to 1500 V, then decreased to zero. After

the anode was moved 50 gm closer to the emitting surface,

the voltage cycle was repeated. It is clear from Fig. 7 that

the four cycles have almost the same J-E characteristics,

indicating a linear relation between the anode voltage and

distance. The uniform J-E characteristics also justify the

simple formula (E = V/d) used to estimate the macroscopic

field strength between the anode and cathode. Electron
emission is observed at an electric field as low as 0.5

V/gm. The electron emission turn-on field Eto and

threshold field Ethr are in the range of 0.75-0.89 V/btm and

2.14-2.32 V/gm, respectively, for the four J-E plots shown

in Fig. 7. Reproducibility tests from eight different

nanotube arrays consistently yield Eto and E,r in the range

of 0.6-1 V/btm and 2-2.7 V/btm, respectively, with average

values of 0.8 V/gm and 2.3 V/gm. Our values for both Eto

and E,r are more than two times lower than those obtained

for carbon nanotubes by other groups (ref. 18 to 20).

3o
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Fig. 6 Schematic diagram of the experimental setup
for field emission measurement.
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Fig. 7 Emission J-E curves from an aligned and opened

carbon nanotube array with emitting surface area of 4.62

mm 2. (inset) The corresp-onding Folwer-Nordheim plots.

The J-E data shown in Fig. 7 were also analyzed by the Fowler-Nordheim theory (ref. 29) (see Fig. 7

inset). A linear relation was not observed in the ln(J/E 2) versus 1/E characteristics, suggesting that the current limit

is not dominated by the standard tunneling theory proposed by Fowler and Nordheim. Deviations from the Fowler-

Nordheim behavior for metal tips are usually attributed to the space-charge-limited current (SCLC) mechanism (ref.

30). For our carbon nanotubes, although the total current density integrated over the entire anode area seems to be

too low for the SCLC mechanism, the current could, nevertheless, be limited by the SCLC mechanism if a much

higher local current density occurred at the cathode.

The stability of the aligned and opened nanotube samples is remarkable. During 24 hours of continuous

operation at 5 mA/cm 2, the current fluctuation was as low as +3% and the average current did not decrease over this

period. No changes in the morphology after 24 hours of continuous emission were observed by SEM.
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4. CONCLUSIONS

Very long aligned and opened carbon nanotubes were prepared at a very high yield by pyrolysis of

acetylene over film like iron/silica substrates. The nanotubes grew outwards separately and perpendicularly from the

surfaces of the substrates to form aligned nanotube arrays. The nanotubes within the arrays are of uniform external

diameter (20-40 nm), with a spacing of -100 nm between tubes. When the nanotubes were removed from the

substrates, opened nanotube arrays formed. These very long aligned and opened nanotube arrays show excellent

field emission properties with Eto and E,r in the range of 0.6-1 V/btm and 2-2.7 V/btm, respectively. Such extremely

low turn-on and threshold fields for a remarkably stable electron emission in the aligned and opened carbon

nanotube arrays offer excellent prospects for a low-field nanotube-based flat panel display.
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ASTRACT

Deposition of carbon films including nanotubes as well as brazing of high-quality single wall carbon nanotubes,

that were pre-synthesized by other means, on iron electrodes as electron field emitters are reported. Microwave

plasmas in vapor mixtures of methanol-based liquid solutions were applied to fresh iron electrodes for carbon and/or

carbide deposition. In another application, microwave plasmas were used to heat iron electrodes to its iron-carbon

eutectic point around 1150°C so that single wall carbon nanotubes that were placed on the iron surface reacted with

iron to form low resistance nanotube-electrode contacts. Electron field emission characteristics of iron electrodes

treated by plasma enhanced chemical vapor deposition as well as plasma brazed carbon nanotubes on iron electrodes

will be presented.

Keywords: methanol, microwave plasma, electron emission, carbon nanotubes, brazing

INTRODUCTION

Cold and/or low-temperature low-electric-field electron emitters have been studied by a large number of

scientists and technologists because of their economic advantages and very attractive performance for many

commercial as well as special applications. Devices ranging from high-power microwave vacuum tubes to flat panel

displays for computer monitors all require electron emitters that are fast, operating at low temperatures, with high
and stable emission current densities at low electric fields.

A number of materials and structures have been studied and reported in an attempt to achieve high-performance

cold cathodes. The most effective means of achieving this goal are the fabrication of micro- or nano-structures that

exhibit a very high aspect ratio and the design and synthesis of coatings with low positive or even negative electron

affinities. The high aspect ratio, for example, a micrometer long carbon nanotube with a nanometer radius of

curvature at its tip, allows electric field enhancement to occur at the tip of the electron emitter so that low voltage

will be adequate to cause field emission of electrons from the tip of the emitter. Negative electron affinity allows

electrons to escape from a solid surface to the vacuum without needing additional forces or energy. For example,

diamond with proper surface terminations has been explored for cold cathode applications based on its negative

electron affinity. There are a good collection of references in the Proceedings of ADC/FCT '99 (ref. 1) about

various efforts, materials, and structures aiming at high-performance electron field emitters.

Several projects have been explored in the past by our research group in collaboration with scientists in the

related field. CVD diamond and carbon nanotubes were synthesized and characterized for their electron field

emission behaviors (refs 2-10). In an effort to achieve carbon nanotube electron field emitters for high current

density and stable electron emission applications, high quality carbon nanotubes may be synthesized separately and

then attached to an electrode forming low contact resistance and strong mechanical strength or be directly deposited

onto a selected electrode. In this paper, iron electrodes were used because iron serves as an effective catalyst for

carbon nanotube growth as well as forms good contacts with carbon materials at its iron-carbon eutectic temperature

around 1150°C, which is well below the melting point of iron, so that the electrode remains as a solid at the

fabrication temperature (ref. 11).
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Diamonddepositioninvapormixturesofmethanol-basedliquidsolutionswasreportedinADC/FCT'99(refs.
12,13).Inthispaper,microwaveplasmasinvapormixturesofmethanolandethanolwereappliedtodepositnano-
structuredcarboncoatingsonironelectrodesusingironasacatalyst.High-powerdensitymicrowaveplasmasina
vaporofmethanolandethanolwerealsousedtoheatandbrazesinglewallcarbonnanotubesontoironelectrodes.

EXPERIMENTAL

TheexperimentalapparatusisshowninFigure1.Amixtureofmethanolandethanolwasfedintoavacuum
chamberthatwasevacuatedbyamechanicalpump.A throttlevalveandamanometerpressuregaugecontrolledthe
chambergaspressure.Arodantennawasusedtocouplemicrowavepowerfromarectangularwaveguideintoa
cylindricalmetalcavitythroughaquartzwindowthatseparatedtheatmospherefromthevacuumchamber.
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Figure 1. Methanol-based microwave plasma apparatus.

The microwave power formed a plasma ball on the top of the substrate. Electrons in the plasma have very high

temperatures exceeding 10,000°C. The plasma heated the substrate to a preset temperature as well as heated the gas

mixtures for proper dissociation and reaction in the gas phase leading to carbon deposition on the substrate surface.

Iron from the substrate itself was used as the catalyst for the carbon coatings.

In the case of brazing of carbon nanotubes onto iron electrodes, single wall carbon nanotubes suspended in a

liquid solution was applied to the surface of an iron electrode. The iron electrode with carbon nanotubes on it was

used as the substrate to be exposed to the microwave plasma in a mixture of methanol and ethanol. The substrate

temperature was monitored by a dual-color optical pyrometer.

The carbon nanotube coated substrates were then loaded into a high vacuum chamber. Thin quartz plates were

used as spacers between an anode and the iron electrode, which serves as the cathode. A desktop computer

controlled the output of a high-voltage power supply for applying a voltage between the anode and the cathode. The

electric field is calculated by dividing the applied voltage by the gap spacing between the anode and the cathode.

The electron emission current was measured by a digital ammeter and recorded by the computer for further plotting

and calculation.
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RESULTS AND DISCUSSION

Microwave plasmas in methanol-based vapor mixtures with a low percentage of ethanol additives are very

oxidizing and can etch carbon nanotubes rapidly at elevated temperatures. Carbon nanotubes placed on

molybdenum electrodes were etched away after exposing to microwave plasma in a vapor from a solution of 98%

methanol and 2% ethanol by weight at 1250°C for a few minutes. In the case of iron electrodes, carbon nanotubes

dissolved into the iron electrode at a temperature above its iron-carbon eutectic temperature in addition to being

etched away by the plasma.

Shown in Figure 2 is the electron field emission current-electric field (I-E) characteristics for an iron electrode

with carbon nanotube on it before being exposed to the aforementioned microwave plasma for five minutes. The

field emission turn-on electric field shows a value above one volt per micrometer, indicating that the electron field

emission is not caused by carbon nanotube originally placed on the iron electrode. Indeed, what is shown in Figure 3

is a similar I-E curve for an iron electrode without carbon nanotubes being put on the top before being exposed to the

same plasma for the same period of time. SEM images of these two specimens show some sub-micrometer

structures on the iron surface that are assumed to be responsible for the measured electron field emission

characteristics.
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Figure 2. I-E curve for an iron electrode after being exposed to a microwave plasma at 1250C for five

minutes. The iron electrode had carbon nanotube placed on it before being exposed to the plasma.

NASA/CP--2001-210948 738 August 6, 2001



Usingaliquidsolutionwith25%byvolumeofethanolin75%byvolumeofmethanol,amicrowaveplasmawas
appliedtoanironelectrodewithoutpre-synthesizedcarbonnanotubesonit at600°Cfortwohoursatapressureof
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Figure 3. I-E curve for an iron electrode after being exposed to a microwave plasma
at 1250C for five minutes.
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Figure 4. I-E curve for an iron electrode after being exposed to a microwave plasma in 25% ethanol and

75% methanol (by volume) at 600C for 2 hours.
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10Torr.Theturn-onelectricfieldshowninFigure4fortheplasmatreatedironelectrodewasmeasuredtobe
slightlylessthanonevoltpermicrometer.With25%byvolumeofethanolintheliquidsolution,thecarbonto
oxygenratiowassufficientlyhightocausethecoatingsonthefreshironelectrode,whichledtothelowelectricfield
electronfieldemission.

Singlewallcarbonnanotubeshaveexcellentelectronfieldemissionproperties.Althoughit hasalsobeen
reportedthatsinglewallcarbonnanotubescanbedepositedonsubstratesdirectly,it isdesirabletobeableto
optimizetheproductionprocessforsinglewallcarbonnanotubesindependentlywhilethecoatingprocessfor
placingsinglewallcarbonnanotubesonelectrodesisseparatelyoptimizedaswell. Brazingof highqualitysingle
wallcarbonnanotubestoselectedelectrodestoformapre-setpatternorstructuremaybethebeststrategy.

Usingaliquidsolutionwith25%(byvolume)ofethanolin methanol,anironelectrodethathadsinglewall
carbonnanotubesplacedonitssurfacewasexposedtoamicrowaveplasmaat60Torr.Thegreenishplasmaheated
theironelectroderapidlytoreachaboveitseutectictemperaturewithinalittlemorethanoneminute.A dual-color
opticalpyrometerwasappliedtomonitortheirontemperature.Theplasmawasturnedoffwhentheiron
temperaturereached1160°C,whichisslightlyabovetheiron-carboneutectictemperature.ShowninFigure5isthe
I-Echaracteristicsforthecarbonnanotubesbrazedontotheironelectrode.Averylowelectronfieldemissionwas
measuredatmacroscopicelectricfieldoflessthan0.5voltpermicrometer.
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Figure 5. I-E curve for an iron electrode with single wall carbon nanotubes eutectically brazed on it by

exposing to a microwave plasma in 25% ethanol and 75% methanol (by volume) until the electrode

temperature reached 1160C.

CONCLUSIONS

Methanol-based microwave plasmas were applied to deposit carbon coatings on iron electrodes as well as

brazing pre-synthesized single wall carbon nanotubes onto iron electrodes at temperatures near the iron-carbon

eutectic temperature. By means of iron-carbon eutectic brazing, electron field emitters are suitable for high current

density electron emission applications in which carbon nanotubes may be heated to high temperatures by the

emission current. The brazing process also allows the single wall carbon nanotubes to be produced by processes that
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arenotrestrictedbythecoatingprocess,makingitpossibleforachievingthebestperformanceofelectronemitters
basedoncarbonnanotubes.
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ABSTRACT

Hysteresis of emission current-electric field (I-E) characteristics of single walled carbon nanotubes brazed on

iron substrates by TiCuAg alloy is studied. Different behaviors of the I-E hysteresis with the substrate being held at

room temperature and that with the substrate being heated to an elevated temperature were measured. At room

temperature, the descending I-E curve was below the ascending I-E curve indicating that tunneling electron emission

enhanced by chemisorbed molecules on the surface of the cool carbon nanotube when the emission current first

started during the ascending cycle sifts the I-E curve to the upper left. The burn-out of defective or taller carbon

nanotubes may also cause the descending I-E curve to shift to the lower right. Both mechanisms may contribute to

the measured I-E hysteresis. On the other hand, the I-E hysteresis measured at elevated temperatures showed the

descending I-E curve being above the ascending I-E curve. The self-heating of carbon nanotubes by emission

current coupled by the less effective cooling with the substrate being at elevated temperatures during the descending

cycle, the contribution of thermionic electron emission from nanotubes, and the relatively easier bending and

straightening of carbon nanotubes at elevated temperature in alignment with the applied electric field may contribute

to the measured I-E hysteresis at elevated temperatures being different from that at room temperature.

Keywords: carbon nanotubes, electron emission, hysteresis, tunneling

INTRODUCTION

Carbon nanotubes are promising for cold cathode applications due to their excellent electrical and mechanical

properties, such as high aspect ratio, small tip and curvature, high mechanical strength, and high resistance to

chemical and physical attacks (refs. 1 to 4). Various experiments have been carried out and have demonstrated

attractively low threshold and turn-on electric fields for field emission of electrons, as well as high emission current

densities. Mechanisms for electron emission behaviors of carbon nanotubes are not adequately clear. In this paper,

the electron emission characteristics of carbon nanotubes are examined with emphasis on the hysteresis of the

emission current-electric field characteristics. The hysteresis of the I-E curves may be related to the stability of the

electron field emission in a long-term field emission operation as well as field emission operations under changing

environments. The carbon nanotube electron emitter exhibiting the least I-E hysteresis may also be the electron field

emitter that will provide the best long-term field emission stability.

EXPERIMENTAL PROCEDURE

The specimen used in this study was prepared by first putting a piece of brazing alloy (Wesgo Ticusil, containing

4.5% Ti, 26.7% Cu, and 68.8% Ag) sheet, which has liquidus phase above 850°C and solidus phase below 830°C,

onto a piece of iron with a flat surface. A drop of carbon nanotube suspended in a liquid was then applied onto the

brazing alloy sheet. After the liquid vaporized, the specimen was loaded into a vacuum furnace, which was pumped

to a pressure of 60 mTorr. The specimen was heated up to 850°C inside the vacuum furnace. The electron

emission characteristics of the specimen were measured in a high vacuum chamber under base pressure of lxl0 -e

Torr. A piece of quartz plate was used as a spacer between the specimen and a counter electrode to control the

distance between the anode and the cathode. A potential difference was applied between these two electrodes by a

computer controlled power supply. Emission currents were measured by a computer controlled picoammeter. The

specimen could be heated to various temperatures up to 860°C during the measurements by using a lamp with an

adjustable power supply.
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RESULTS AND DISCUSSION

The surface of carbon nanotubes appeared to have been coated with metallic nanoparticles as shown by the SEM

photograph (see Figure 1). Figure 2 demonstrates the electron emission hysteresis of the specimen at room

temperature. The applying electric field was firstly swept up, and the current was measured as a function of electric

field between the anode and the cathode. The electric field was then swept down, and the emission currents were

measured to be smaller than those corresponding to the same electric field during the ascending cycle.

Two mechanisms may have contributed to the measured I-E hysteresis. It is known that chemisorbed

molecules on a metal surface produce bonding states that have energy levels a few angstroms off the metal surface.

These states can increase the local tunneling current by forming a resonant tunneling of electrons (ref. 5). This

enhanced electron field emission occurs more significantly when the carbon nanotubes were cool and when the field

emission just started at a low level when the electric field is being swept up. It is less effective when the carbon

nanotube is cooling down from self-heating by emission current when the applied electric field is swept down. When

nanotubes emit electrons with a relatively high current density, the temperature of nanotubes may increase

dramatically to a high level (>1000K) due to the self-heating. When the temperature exceeds the desorption

temperature for the molecule, the binding states will then be removed. Re-adsorption during the descending cycle

may recover some of the chemisorbed molecules. The tunneling enhanced electron emission by chemisorbed

molecules, therefore, contributes to the shifting of the ascending I-E curve to the upper left direction.

The second mechanism that may contribute to the measured I-E hysteresis is the burn-out of sticking-out and

taller carbon nanotubes. Those taller carbon nanotubes were subjected to higher electric fields and emitted higher

electron current densities than those shorter or lower carbon nanotubes. With more current being carried through

fewer taller carbon nanotubes, some might be burned away when the applied electric field was swept to the

maximum value. When the electric field was swept down (decreasing with time), there were less tall carbon

nanotubes and therefore, the I-E curve for the descending cycle shifted to the lower right direction. Both the

tunneling effect and the burn-out mechanism appeared to support the measured I-E hysteresis at room temperature

with the descending I-E curve being below the ascending I-E curve. The dominant mechanism seemed to be the

enhanced tunneling effect due to chemisorbed molecules.

::"' "." ..:'f_!''"':!:!:i[:i:,.::i..,:::!:_':"
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Figure 1. Scanning electron micrograph of brazed single-walled carbon nanotubes on an iron substrate.
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Figure 2. Electron field emission current as a function of applied electric field between the anode and the

cathode at room temperature. The dotted curve represents the cycle when the electric field was swept up.

The circled curve represents the other cycle when the electric field was swept down.

When the substrate was heated to elevated temperatures, however, the hysteresis behavior of the electron

emission I-E curve turned out to be the other way around, i.e., the I-E curve for the descending cycle with decreasing

electric field was measured to be above the I-E curve for the ascending cycle (see Figure 3). There should be a

thermionic emission component in the total emission current when the electric field was swept up to the maximum

level because of the high temperature of nanotubes due to the self-heating effect. When the substrate temperature

was at the room temperature, nanotubes could cool down from self-heated high temperature much quicker than when

the substrate was heated to an elevated temperature. The contribution by thermionic electron emission may thus be

higher during the descending cycle when the substrate was heated to an elevated temperature. The thermionic

emission current may have overwhelmed both the chemisorbed molecule enhanced tunneling current and the current

changing due to the burn-out of electron emitting nanotubes resulting in the hysteresis behavior shown in Figure 3.

Stepwise increases in electron emission current were sometime observed when the substrate was heated to

elevated temperatures (see Figure 4). This may be a result of the increasing flexibility and weaker bonding of

nanotubes leading to easier alignment of carbon nanotubes with the applied electric field causing the electron

emission current to change suddenly. As temperature increased, the bonds that kept nanotubes from being aligned

with the electric field became weaker. Therefore, when the temperature was high enough, it was possible that one

end of a CNT became free from the substrate surface and that this CNT was bent to align with the applied electric

field. The changing of the height of the tips of electron emitting carbon nanotubes might have contributed to the

stepwise increase and decrease of the emission currents. As shown in Figure 1, there was quite a coating of metallic

nanoparticles on the nanotubes. This coating may also contribute to the hysteresis of the I-E characteristics and the

step-wise changes of electron emission current. Further investigation is underway to explore the effects of coatings

on carbon nanotubes on electron field emission.
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Fig. 3. Electron emission current as a function of applied electric field between the anode and the cathode

with the substrate being heated to above 500°C. The dotted curve represents the cycle when the electric

field was swept up while the circled curve represents the cycle when the electric field was swept down.
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Fig. 4. Electron field emission current as a function of applied electric field between the anode and the

cathode with the substrate being heated to above 500°C. The dotted curve represents the ascending cycle

when the applied electric field increased with time. The circled curve represents the descending cycle when

the electric field decreased with time.
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CONCLUSIONS

Five mechanisms were adopted to explain the hysteresis of I-E characteristics of the electron field emission from

carbon nanotubes brazed by a TiCuAg alloy to an iron substrate. Those five mechanisms play different roles during

the electron emission of carbon nanotubes. At low ambient temperatures, the chemisorbed molecule enhanced

tunneling may be the dominant mechanism. The burn-out of nanotubes is negligible in most cases especially after

carbon nanotubes have been "conditioned", that is, defective or tallest carbon nanotubes have been intentionally

removed, because long term testing of emission current demonstrates a fairly stable emission current, indicating that

the damaging of emission sites are small (ref. 2). At higher ambient temperatures, however, because of the removal

of chemisorbed molecules on the nanotube surfaces, the contribution by thermionic emission and the relaxation of

nanotubes to align with the applied electric field might become dominant forces pushing the hysteresis of I-E curves

to a direction opposite that for substrate being at low temperatures. The sharp, sometimes stepwise, increases of

emission current might be the consequence of the changing shapes of the nanotubes in alignment with the electric

field as well as the absence of chemisorbed molecule enhanced electron emission by tunneling.
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ABSTRACT

We have investigated the effects of electric fields on the SEE yield from the primary electron bombardment on

magnesium oxide (MgO) covering vertically aligned multiwalled carbon nanotubes (MWCNTs). We observe that the

SEE yield follows the general universal curve that the primary electron penetrating into the MgO sample should have

optimum primary electron energy to maximize the SEE. The SEE yield increases exponentially with increasing

negative bias applied to the sample. It is observed the SEE yield strongly depends on the thickness of MgO and

shows the maximum at some thickness. The SEE yield increases at least 22,000 at a thickness of 700A at a bias

voltage of - 1100 V and net primary electron energy of - 220 eV. The primary electrons bombarding the surface of

MgO film generate the secondary electrons in the film. The strong local field that is generated by the sharp tip of

vertically aligned multiwalled carbon nanotubes accelerates these electrons. Eventually, This gives rise to so called

Townsend avalanche effect, generating huge number of secondary electrons in the MgO film. These processes are

completely reproducible over the large area of the sample. Emission mechanism for such a high SEE yield will be

further discussed with energy spectrum analysis.

Keywords: Secondary Electron Emission, Multiwalled Carbon Nanotubes, Magnesium Oxide, Avalanche, Energy

Analysis.

INTRODUCTION

Since the advent of carbon nanotubes, they have been in the limelight and become one of the most promising

materials because of their structural, mechanical and electronic properties that have generated the wide range of

applications. The applications contain supercapacitor, hydrogen storages (ref. 1 to 3), field emission displays (FED)

(ref. 4, 5) and nano-devices (ref. 6 to 8). In particular, the mechanical strength, geometrical structure, and electrical

conductivity have motivated the application to the FEDs. The electric field at the apex of carbon nanotube becomes

extremely strong due to the high aspect ratio and such structural advantage can be applied to enhance the electric

field inside the dielectric materials as the external field is applied. The induced strong electric field inside the

material is beneficial to trigger the avalanche of the secondary electron emission, as the material is electron-

bombarded.

The emission of secondary electron from insulators has been of interest for a number of reasons (ref. 9). It is of

practical importance in devices such as electron multipliers and electron microscopes, as well as fundamental aspect

of electron-solid interactions. The secondary-electron emission (SEE) yield is defined as the ratio of emitted

secondary electrons to the primary bombarding electrons on the examined surface. The general process of emission

phenomenon is often viewed as three steps: (i) Bombarding electrons generate excited electrons in the solid by

mechanism of excited electron generation. (ii) The diffusive movement of excited electrons through the solid and

cascade multiplication are followed. (iii) Finally, the escape of some of the electrons into vacuum takes place.

In general, metals and semiconductors are relatively poor secondary-electron emitter, while insulators are good

secondary-electron emitters (ref. 10). In case of insulators, the minimum kinetic energy for a secondary electron to

escape is the electron affinity, which is the difference between the vacuum level and the conduction-band minimum.

The electron affinity is typically on the order of an electron volt for insulators. Since there are few conduction

electrons in insulators, the secondary electrons lose energy through the excitation of valence electrons into the
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conductionband.Thewidebandgappreventssecondaryelectronswithkineticenergylessthanenergygapfrom
participatingin suchelectron-electroncollision.Fortheseelectrons,electron-phononandelectron-impurity
collisionsaremainlyresponsiblefortheelectronenergyloss.Becauseoftheabsenceofelectron-electronscattering,
thesecondaryelectronlosesmuchlessenergyasit movesthroughthematerialandtheescapedepthbecomeslarge.
Therefore,ingeneral,theyieldsarehighininsulators.Forexample,themaximumSEEyield8maxis6.8forNaC1and
25forsingle-crystalMgO(ref.11).

Here,weobservetheSEEyieldfromtheMgOevaporatedonMWCNTsisextremelyhighundertheelectric
field.TheSEEyieldstronglydependsonthethicknessof MgOandsaturateswithinsomelimitedrangesof
thickness.Eventually,themaximumSEEyieldexceedsavalueofatleast22,000atathicknessofabout700Aata
biasvoltageof - 1100V. Wealsomeasuretheenergyspectraof secondaryelectronsemittedfromthe
MgO/MWCNTssampleforinvestigatingthemechanismoftheenormouslyhighSEEyield.

EXPERIMENTAL

TosynthesizeMWCNTs,TiN(1000A)andnickel(1000A)aredepositedonsilicaglass(borondopedp-type)
withtheRFmagnetronsputter,whereTiNisusedasanadhesionlayerandnickelasacatalystforthesynthesisof
theMWCNTs.TheMWCNTsarethermallygrownontheNiparticlesfromthereactionofseedinggasesofC2H2in
achemicalvapordepositionreactor.MgOwithdifferentfilmthicknessisdepositedontheMWCNTsbyelectron
beamevaporation.

TheSEEyieldismeasuredfromMgOonMWCNTswithourequipment,asshowninFig.1.TheMWCNT
substrateismountedonthesampleholderperpendiculartoelectrongunthatcaneasilycontroltheamountandthe
kineticenergyofprimaryelectrons.BeforetheSEEmeasurement,thesampleisundernegativebias,whiletheother
remainingpartsaregrounded.Thechamberpressureisbelow1.0x 10.8torr.Voltagebalancingis carriedoutin
ordertopreventsecondaryelectronemissionbeforetheexperiment.Thekineticenergyofprimaryelectronsmustbe
higherthanthesamplebiastoovercomethepotentialbarrier.Theprimarycurrent(Ip)ismeasuredbyapplyinga
positivevoltageto thesampleinordertogatherincidentelectrons.Ratherthandirectlymeasuringthescattered
secondaryelectrons(Is),theelectroncurrentflowingintooroutof thesample(It)ismeasuredoverthestainless
sampleholder,sincethesecondaryelectroncurrentcanbeeasilycalculatedbytherelationofIp=Is+It.Thus,SEE
yieldiscalculatedbythefollowingequation:8=Is/Ip--1- (It/ Ip ).

Electron_ _

! gun _ J¢ Idaycup

Figure 1. Scheme for SEE experiment.

RESULTS AND DISCUSSION

Figure 2 shows the scanning electron microscope (SEM) images of MWCNTs grown at 650 °C for 25 min. Such

grown MWCNTs are well aligned vertically. The average diameter and length of MWCNTs grown at 650 °C is about
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50nmand20gmrespectively,asshownintheSEMimageofFig.2(a).Figure2(b)showstheMWCNTscovered
withMgOfilm.
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Figure 2. The SEM images from (a) MWCNTs and (b) MWCNTs covered with MgO film.

SEE yield is investigated with the sample. Figure 3 shows the SEE yield as a function of the net electron energy,

which is the difference between the kinetic energy of primary electron and the potential energy of the sample. For

example, if the bias voltage of the sample varies from - 1500 V to 0 V under the fixed primary electron energy of

1500 eV, then the penetration energy into the sample from an electron gun varies from 0 eV to 1500 eV along the x-

axis. In this experiment, we control two factors at the same time, which are the net electron energy and the applied

sample bias. From the experiment, the maximum SEE yield of -35 is obtained at 200 volt of net electron energy as

the primary electron energy is 1500 eV. The yield has stronger dependence upon the sample bias rather than the net

electron energy. Once the SEE yield reaches the maximum, it decreases exponentially with increasing the net

electron energy. This explains that although the primary electrons with higher kinetic energy penetrate deeper into

the sample and excite more electrons, those electrons within the escape depth can contribute to the SEE.

_i] _ --_--1500 eV

] / _ _ 1400 eV

/  --l 00eV
15_ ]z_. _, -- 1200 eV

"a 10 t ]7 t_Ax _ ---

100 0 100 200 300 400 500 600 700 800 900 100011001200130014001500

Net Electron Energy (eV)

Figure 3. The SEE yield of the MWCNTs as a function of net electron energy for different bias voltages.

There are many other parameters influencing the SEE such as diameter of MWCNTs, intra-tube space, and

thickness of MgO. We focus the effects of thickness of MgO on the SEE yield, since controlling the film thickness is

easier than other parameters.

MgO film is evaporated on the MWCNTs with a different thickness of 500, 700, and 900 ._. We observe that the

SEE yield shows the maximum with a thickness of MgO film of around 700, in which the SEE yield reaches up to

6500 under net electron energy of 220 eV in Fig. 4(b). Moreover, it is noted that such high yield is obtained as low

as -1000 V on the sample. We also see that the SEE yield above -1100 V exceeds the tolerance of our multimeter,

which is about 4 mA. We estimate the minimum SEE yield is as high as 22,000 at the sample bias.
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ThehighemissionyieldmentionedaboveisobtainedonlyfromMgO/MWCNTsample.NeitherMWCNTsnor
MgOyieldedsuchhighsecondaryelectrons.WhenwemeasuretheSEEyieldfromMWCNTandMgOseparately,
themaximumSEEvaluesreads1.2and4-5,respectively,whichagreecomparativelywellwithpreviousreport(ref.
12).Therefore,thehighyieldmaybeascribedtotheintegratedeffectsofgeometricalandelectricpropertiesof
MgO/CNT,i.e.,highaspectratioofcarbonnanotubeandlowelectrondensityintheconductionbandofMgO.The
primaryelectronstransmittedintothesurfaceofMgOfilmgeneratethesecondaryelectronsinthefilm.Thestrong
localfieldgeneratedbythesharptipacceleratestheseelectrons.Eventually,thisgivesrisetosocalledTownsend
avalancheeffect,generatinghugenumberofsecondaryelectronsintheMgOfilm.
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Figure 4. SEE Yield of MWNTs coated by MgO thickness of (a) ~500 A, (b) ~700 A and (c) ~900 A.

The electron energy analyzer elucidates the above mechanism for the high SEE yields. Figure 5(a) shows the

secondary electron energy spectra for three different bias voltages at a fixed kinetic energy (1500 eV) of primary

electrons. The peak of over 1300 eV under the sample bias of - 1300 V is a back-scattered peak that occurs from

elastic scattering between primary electrons and MgO atoms. The maximum kinetic energy of the secondary electron

appears at 200 eV under the bias of-1300 V.

10x10Ix -1300 Vs 0 10a "................... 900 V L#_ -300v /\

......
o 3oo 6oo 9oo 12oo

Kinetic Energy (eV)

....l!
lsoo
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Figure 5. (a) Energy analysis of MWCNTs covered by MgO thickness of ~ 700 A, (b) Mechanism scheme of

the SEE on MWCNTs covered by MgO.

Each of the secondary emission peaks in spectra has a similar shape with a different position and intensity. Ihe

integrated intensity increases rapidly with increasing the bias voltage across the sample. This is the same result

obtained in Fig. 3 and 4, where the SEE yield is measured by the current flow (It) through the sample with respect to

the bias voltage. The peak position in the energy spectrum moves to higher energy at the higher bias voltage. The

energy band diagram, which explains the above spectral results, is drawn in Fig. 5 (b). A negative voltage (-V) is

applied to the nanotubes with respect to the analyzer, which is grounded. Under the influence of an electric field

across the MgO film, the secondary electrons generated inside the MgO film are accelerated to the surface, escape

from the surface, and are detected by the analyzer. At a higher bias voltage (-V2), the secondary electrons are

accelerated more strongly due to the high electric field across the MgO film which is generated by the sharp CNT

tips, resulting in a large peak located in a high kinetic energy region. The two facts that the general shape of each
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peakisalmostequivalent,regardlessofthebiaspotential,andthehighbiaspotentialleadstoashiftofthepeaktoa
highenergy,stronglysupporttheavalanchemechanisminducedbytheelectricfield.

CONCLUSION

WehaveinvestigatedtheeffectsofelectricfieldsontheSEEyieldfromtheprimaryelectronbombardmenton
magnesiumoxide(MgO)coveringverticallyalignedmultiwalledcarbonnanotubes(MWCNTs).TheSEEyield
increasesexponentiallywithincreasingnegativebiasappliedtothesample.It isobservedtheSEEyieldstrongly
dependsonthethicknessof MgOandshowsthemaximumatsomethickness.TheSEEyieldincreasesatleast
22,000atathicknessof700A atabiasvoltageof - 1100V andnetprimaryelectronenergyof- 220eV.The
primaryelectronsbombardingthesurfaceofMgOfilmgeneratethesecondaryelectronsinthefilm.Thestronglocal
fieldgeneratedbythesharptipofverticallyalignedmultiwalledcarbonnanotubesacceleratestheseelectronsin the
MgOfilm.Eventually,thisgivesrisetosocalledTownsendavalancheeffect,generatinghugenumberofsecondary
electronsintheMgOfilm.Energyspectrumanalysisfurtherelucidatesthismechanism.
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The unique geometrical structure of carbon nanotubes suggests that they are likely to be an ideal
field emitter for panel display application. Indeed, numerous field emission measurements show that the

carbon nanotubes exhibit superior field emission performance with required electric field much lower than
those of many other field emitters. For carbon nanotube emitters, most of the electrons are emitted from the
tips of the tubes, and it is the local work function that matters to the properties of the tube field emission.
Since the lack of suitable technical method to measure the work function of carbon nanotubes, the value of
work function of carbon nanotubes used in the literatures is mainly from the well-studied carbon or
graphite. Thus, it is necessary to experimentally measure the work function of carbon nanotubes.

In this study, we present experimental measurements of tip work functions of individual carbon
nanotubes. The experiment was done by a novel in-situ transmission electron microscopy technique [1,2].
Our results indicate that the tip work function show no significant dependence on the diameter of the
nanotubes in the range of 14-55 nm. Majority of the nanotubes (~75%) have a work function of 4.6-4.8 eV
at the tips, which is 0.2-0.4 eV lower than that of carbon. A small fraction of the tubes (~25%) have a work
function of-5.6 eV, about 0.6 eV higher than that of carbon. This discrepancy is suggested due to the
metallic and semiconductive characteristics of the tubes.
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References:

[1] P. Poncharal, Z.L. Wang, D. Ugarte and W.A. De Heel Science 283, 1513 (1999).
[2] R.P. Gao, Z.W. Pan, Zhong L. Wang, Appl. Phys. Letts., in press.

Corresponding author:
Zhong L. Wang
School of Materials Science and Engineering
Georgia Institute of Technology
Atlanta, GA 30332-0245

e-mail: Zhong.wang@mse. gatech.edu
Tel: 404-894-8008
Fax: 404-894-9140

NASA/CP--2001-210948 752 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

CHARGE TRANSFER, STRUCTURE, AND ELECTRONIC PROPERTIES OF K-

DOPED SINGLE-WALL CARBON NANOTUBES

Chulsu Jo and Young Hee Lee*

Department of Physics, Institute of Basic Science, Sungkyunkwan University, Suwon 440-746, Korea

ABSTRACT

Charge transfer, structure and electronic properties of K-doped single-wall carbon nanotubes bundle are

investigated by a first principles calculation. We choose (5,5) armchair single-wall nanotube bundle as pristine with a

diameter of 6.78 A, length of 2.46 A, and intertube distance of 3.35 A between the walls of nanotubes. The proper

numbers potassium atoms (n -- 1, 2, 3, and 5) are doped in the tube bundles. We considered that doped potassium

atoms are located on the interstitial channel sites and have symmetric configuration, which maximize the K-K

distance. Geometry of tube bundles is fully optimized. Intercalation of potassium atoms occurs lattice expansion and

the circular tubes are not nearly deformed. Binding energy is obtained by subtracting the total energy of the pure tube

bundle and self-energy of potassium atoms from the total energy of the K-doped system. Binding energies is negative

value up to K0.1C and vary to positive value from K0.15C. We also obtain total charge density distribution, amount of

charge transfer, and electronic band structure. For K0.05C, amount of charge transfer and Fermi level shift are 0.04e

per C atom and 1.5 eV, respectively. We can estimate the trend of conductivity enhancement induced by doping

through amount of charge transfer and Fermi level shift as function of K/C ratio.

Keywords: carbon nanotube bundle, binding energy, charge transfer, fermi level shift, conductivity.

INTRODUCTION

Single-wall carbon nanotubes (SWNT's) bundle can be doped with alkali metals, but little is known about the

exact positions of the dopants. In a SWNT bundle, the interstitial channels between tubes provide additional

intercalation sites(ref. 1, 2). Li- and K-doped SWNT tube bundles have been reported to enhance conductivity (ref.

3, 4) and hydrogen storage capacity (ref. 5, 6). Lee et al. found that the charge transfer induced by doping governs

the conductivity enhancement rather than the tube-tube interactions (ref. 3), while Ruzicka et al. concluded that the

tube-tube interactions influence conductivity by doping more strongly than the effect of the charge transfer (ref. 7).

It has been argued that whether the conductivity enhancement by doping is by an increase of charge transfer or the

tube-tube interactions. In recent experiments, one to one map between among Fermi level, charge carrier

concentration, and electrical conductivity was established. Fermi level shift by the redox reactions determined the

electrical conductivity of the Li-doped SWNT bulk material. The trends of Fermi level shift and conductivity were

very similar (ref. 8). These results indicate that the tuning of the Fermi level and charge transfer induced by doping

controls the conductivity. This interesting issue of conductivity enhancement, however, has not been clarified

theoretically up to now. The issues on the structures of K-doped SWNT bundles have been challenged by the

theoretical calculations. The doped K-atoms are located in the interstitial sites of tube bundles (ref. 9, 10), with the

same tube spacings to be maintained even after the doping, whereas the tube walls are severely distorted at K0.1C (ref.

10). Fermi level also shifts into a conduction band of pure tube bundle after Li-doping. The charge transfer occurs

from Li atoms to tubes, where Li-doping is saturated at Li0.6C (ref. 11). However, no systematic relation of the Fermi

level to the conductivity is given in terms of doping concentrations. In this report, we perform the first principles

calculations systematically for K-doped SWNT bundle in terms of doping concentrations. The bundle lattice expands

up to 8 % at K0.1C and no tube distortion is observed, in contrast with the previous reports (ref. 10). We find a

systematic relation between the amount of charge transfer and the Fermi level shift as a function of K/C ratio. We

further demonstrate that the conductivity of the doped tubes is enhanced by the charge transfer from potassium atoms

to the tubes, rather than by the tube-tube interactions.
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METHOD

WecalculatetheelectronicstructuresofaK-dopedSWNTbundleusingdensityfunctionaltheory(DFT)within
the localdensityapproximation(LDA).Theionicpotentialsaredescribedby a norm-conservingnonlocal
pseudopotentialgeneratedby Troullier-Martinsin Kleinman-Bylanderform.Exchange-correlationfunctions
parameterizedbythePerdew-Zungerschemeareused.Aplane-wavebasissetwithanenergycutoffof55Ryisused.
IntegrationoverBrillouinzoneiscarriedoutusing10k-pointssamplingwhichisgeneratedbytheMonkhorst-Pack
scheme.Theconvergencycriterionforstructureoptimizationis thatallforcesbe< 0.005 Ry/A. The energies are

converged to 10 -3 eV.

The tube bundle is modeled by a hexagonal unit cell with y=60 degree. We choose (5,5) armchair SWNT bundle,

where 20 carbon atoms are included in the primitive cell. The box size of the hexagonal unit cell is initially chosen to

be 10.13 A x 10.13 A x 2.46 A, and the tube diameter of 6.78 A and the intertube distance of 3.35 A between the

tube walls. The proper numbers of potassium atoms (K×C, x = 0.05, 0.1, 0.15, and 0.25) are doped in the tube

bundles. We consider that the doped potassium atoms are located at the interstitial channel sites and have a

symmetric configuration so as to maximize the K-K distance.

RESULTS AND DISCUSION

Figure l(a) shows the total energies of fully relaxed geometry as a function of the intertube distance. The

interstitial channel sites of doped K-atom are represented as solid circles. In our calculation, the intertube distance of

pure tube bundle is optimized to 3.2 A. The lattice constant increases with increasing potassium content, as shown in

Fig. l(b). The lattice constant expands by 8 % at K0.1C and saturates to 25 % at K0.15C. Their intertube distances

expand to 4.0 and 5.65 A, respectively. These values are comparable with the interlayer distance of 5.35 A at K0.125C

in graphite (stage I) (ref. 12). We note that the distortions of the tube wall were negligible for all cases up to K0.25C

with full relaxation, contrary to the previous reports that the tube walls were severely distorted by about 10 % - 20 %

for the doped (10,10) SWNT bundle (ref. 10, 11). This is perhaps due to the inappropriate treatments of the lattice

expansion by the doping.
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Figure 1. (a) The relaxed total energies as a function of the intertube distance for K0.05C. (b) Lattice constants

as a function of doping content.

Binding energies are also presented in Fig. 2. We define the binding energy as follows (ref. 9, 13),

E b = Et(CNT+ K) -Et(CNT) -nxEs(K ),

where Et (CNT+K) and Et (CNT) are the total energy of tube bundle with and without potassium atoms inside,

respectively. The Es (K) is the self-energy of potassium atom and nK is the number of potassium atoms. The binding

energies maintain negative values up to K0.1C and become positive from K0.15C, i.e., the doping of potassium atoms

up to K0.1C is exothermic process. Further increase of doping concentration requires an extra energy. In general, the

binding energy is correlated with the K-K separation distance. The K-K separation distance becomes shorter with
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increasingK-doping,whereasthebindingenergydecreasesuptoK0.1C.Withfurtherincreasingthedopingcontent,
thebindingenergykeepsincreasing,followingsimilartrendstotheelectrostaticrepulsiveenergy.Wenoteherethat
thebindingenergyisnotsolelydeterminedbytheK-Kseparationdistance.Atlowdopingcontent,therepulsive
energyisnegligibleduetolargeK-Kseparationdistance.Instead,theattractiveinteractionsbetweentubewallsand
potassiumatomsgovernthebindingenergy.Furthermoretheelectrostaticrepulsiveenergyisminimizedbyreducing
theamountofchargetransferfrompotassiumatomstothetube(ref.14),asshowninTable1.TheC-Kandthetube-
tubedistancesincrease,withincreasingdopingconcentration.Thissuggeststhattheconductivitymaynotbe
correlatedwithtube-tubeinteractions.Yet,K0.25Cadoptstoomanypotassiumatomsin theinterstitialsites,
increasingthebindingenergy.Thissuggeststhatexcessivedopingmaynotbeadvantageoustothehydrogenstorage.
Incaseofgraphite,theamountofhydrogengasstoredinK-intercalatedgraphitearesaturatedatK0.125C(ref.12).
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Figure 2. Binding energies as a function of doping content.

K/C

K0.05C

K0.1C

K0.15C

K0.25C

Intertube distance (A) K-K (A) C-K (A) Mulliken charge (e)

3.95 10.73 (6.96) 2.96 0.81

4.00 6.20 2.98 0.78, 0.78

5.65 (5.35) 6.22 (4.92) 3.13 0.45, 0.49, 0.49

5.83 3.90 3.25 0.53, 0.47, 0.47, -0.20, -0.20

Table 1. Intertube distance, nearest neighbor K-K distance, nearest neighbor C-K distance, and Mulliken

charge of potassium atoms in K-doped tube bundle. The values in the parentheses are from intercalated

graphite (ref. 12).

It has been suggested that in Li-doped SWNT, the Fermi level shift is strongly correlated to the electrical

conductivity with Li/C ratio. The Fermi level shift and electrical conductivity have similar trends with increasing

Li/C ratio (ref. 8). In our calculations, we present the Fermi level shift and total charge transfer as a function of K/C

ratio, as shown in Fig. 3(a). The Fermi level shift increases abruptly with increasing K/C ratio up to K/C=0.05 and

saturates to near 2 eV. The similar trends are shown in charge transfer. This result strongly suggests that the

conductivity of the doped tubes is governed by the amount of charge transfer. Experimentally the normalized

conductivity of K-doped and Li-doped SWNT at the ratio of 0.04 is about 13 and 2, respectively (ref. 4, 8),

suggesting that the conductivity is enhanced more effectively by the K-doping rather than by the Li-doping at low

doping content. We note that a partial charge transfer is observed even at low doping concentration. The amount of

Mulliken charge transfer per carbon atom are 0.04e, 0.08e, 0.07e, and 0.05e for KxC (x = 0.05, 0.1, 0.15, and 0.25),

and the corresponding Fermi level shifts are 1.6 eV, 1.7 eV, 2.3 eV, and 2.0 eV. These values are in good agreements

with the previous estimation of the Fermi level shift of about 2 eV for charge transfer of 0. le per carbon atom (ref. 3).

Figure 3(b) shows the DOS at the Fermi level as a function of K/C atomic ratio. The DOS increases rapidly and

saturates at K0.05C, revealing similar trends to the Fermi level shift and the change of charge transfer, as shown in Fig.
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3(a).ThissuggeststhathigherTccannotbeexpectedevenwithhigheralkalimetaldopinginthetube,letalonethe
existenceofthesuperconductivityinthetube.
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Figure 3. (a) The corresponding Fermi level shift and the amount of charge transfer of K-doped SWNT

bundle as a function of doping content. (b) The DOS at the Fermi level in terms of doping content.

SUMMARY

In summary, we have performed the first principles calculations on the total energy, charge transfer, and

electronic structures of K-doped SWNT bundles. We note that the distortions of the tube wall were negligible for all

cases up to K0.25C with full relaxation, contrary to the previous reports. The binding energy is not solely determined

by the K-K separation distance. The attractive interactions between tube walls and potassium atoms govern the

binding energy by the enhanced ionic bonds between potassium and nanotubes up to K0.1C. At higher potassium

doping the repulsive energies dominate the binding energy. Partial (not complete) charge transfer is occurred from

potassium atom to the tube and this trend becomes more severe with increasing doping concentration. The Fermi

level shift and the amount of charge transfer increase abruptly with increasing K/C ratio up to K/C=0.05 and

saturates to near 2 eV. This result strongly suggests that the conductivity of the doped tubes is governed by the

amount of charge transfer rather than the tube-tube interactions.
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ABSTRACT

We present a simple way of preparing anisotropically aligned nanotube fihns by the simple mechanical rubbing on
film as a form of mat and the measured data on the electrical resistivity of aligned CNTs films. High anisotropy of 5
to 15 in the resistivity was obtained depending on the sample thickness and sample preparation conditions. In
degassed sample, a monotonic decrease of the resistivity with increasing temperature cannot be explained by either
the long-range Coulomb interactions or the inclusion of short-range interactions, which is different from an isolated
singlewalled carbon nanotube. Therefore we tried fittings using several theoretical and/or empirical formulas on the
temperature dependence of resistivity. We found that the measured resistivity showed neither metallic nor
semiconducting behavior. We found the best fitting formula with two terms, which combined nonlinear power law
term to the linear term in the temperature dependence. We obtained the power index of 0.446 that gave rise to the

Luttinger parameter, g=0.186, with bulk contact. The contribution of the linear term is less than that of power term
over the measured temperature range. Here in order to explain the transport mechanism we propose that the
temperature dependence of resistivity in the CNTs film would be similar to that of an isolated metallic singlewalled
nanotube, although we must include some contribution of linear temperature dcpcndencc from the Fermi liquids and
that the detailed structure of the CNTs film could be modeled by the simplified network of the effective resistors, in

which each resistor is connected by a CNT resistance and a junction resistance in series in mean field concept.

Keywords: nanotube, resisfivib; anisotropy, film, Luttinger liquids, Fermi liquids
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ABSTRACT

We have studied oxidation of vertically aligned multiwalled carbon nanotubes (MWCNTs) grown by thermal

chemical vapor deposition (CVD). Ultraviolet photoelectron spectroscopy (UPS) and transmission electron
microscopy (TEM) are applied to characterize electronic and structural changes. Vertically aligned CNTs are
cleaned by annealing about 700 °C for a few minutes inside an ultrahigh vacuum system (UHV). Oxidation with
molecular and atomic oxygen shows that CNTs are very resistant to oxygen exposures. However, when they are
exposed to massive amount of atomic oxygens, the UPS and TEM present that the electronic structure and

morphology of CNTs are utterly damaged. 2p4z electron states below 3 eV from the Fermi level have almost
disappeared, and 2p-_ electron states around 8 eV are significantly affected. Such variations in valance band
modify the metallic CNTs to be semiconducting. Although the annealing above 700 °C made a slight recovery in

the DOS near the Fermi energy and the valance band structure seems to be metallic, a complete recovery of
electronic structure is not achieved. We also noticed that the collective _+Tz plasmon excitation was observed at

about 23 eV. This value is lower than typical plasmon of 27 eV. The lowering of collective _+Tz excitation energy

implies that the oxidation severely distorted the ordering of the c-planes of CNTs and consequently, the

contribution of 2p4z electron to the collective _+Tz excitation became weaker. The TEM images illustrate that the
cap of CNTs is eroded completely and left open, whereas the body remains rather resistant to oxidation. Through
the cap opening process, nickel particles embedded inside the cap are exposed to vacuum and are observed from
the UPS. We propose that the emergence of nickel particles at the tip of CNTs is a serious impediment in achieving
the dependable operation of field emission array (FEA).

Keywords: Carbon nanotubes, Oxidation, Amorphous carbon, Cap opening, Nickel oxides.

INTRODUCTION

The reason that carbon nanotubes have attracted a great deal of interest is the fact that CNTs have very useful
properties and the electronic properties can be varied depending on chiral angle and diameter of CNTs (ref. 1 and
2). Therefore, the control of chiral angel and diameter of individual CNT during a growth is very essential for
useful applications. However, unfortunately, to our best knowledge, it is practically impossible up to now to

modulate their chiral angel and tube diameter during growing process. So, various ways to change the electrical
properties have been attempted such as gas-phase doping of alkali metal and adsorptions of gas adsorbates (ref. 3
and 4). In particular, oxygen among those gases has been used for purification by selectively burning other phases

of carbon materials and for the capillary filling of CNTs with metals by oxidatively opening the cap (ref. 5 and 6).
In addition, the exposure of the CNT emitters to oxygen leads to degrade considerably field emission currents (ref.
7). The conductivity and thermo-electric power change dramatically upon the adsorption and desorption of oxygen

(ref. 8 and 9). Since oxygen has profound influence on the electronic and geometric structures together with the
fact that the CNTs are naturally doped with oxygen during the sample preparation, understanding the effects of
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Figure 1. LIPS after thermal oxidation of CVD-grown MWCNTs for different oxygen doses.

oxygen on CNTs has significant meanings not only for the application and modulation of CNTs, but also for

perceiving their intrinsic properties.

EXPERIMENTS

In this study, we grew vertically aligned MWCNTs using thermal CVD. The growth parameters such as

substrate temperature, pressure, and flow rate of C2H2 were descried in detail in the literature (ref. 10). The CNT

film is transferred into the UHV system with a pressure below 2 x 10 -9 torr. We outgassed the CNTs above 1020 K

for three minutes. The pressure of the UHV system was increased to 3 xl0 -9 torr and dropped to a base pressure

immediately during the outgassing,. The UPS measurement has been conducted in a synchrotron radiation center,

Center for Advanced Microstructures and Devices (CAMD) at Louisiana State University. Monochromatic photon

has been obtained from dispersion of 3 m toroidal grating. The resultant combinational resolution of the

photoemission spectroscopy is 100 meV. The kinetic energy of photoelectrons is measured with an energy analyzer

with a maximum resolution of 10 meV. In order to see the change of morphology, we collected the oxidized CNTs

by simply scratching the substrates and prepared them for the TEM measurement.

We used oxygen gas with a research purity and precisely controlled the flow of oxygen gas with a leak valve.
1200
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Figure 2. (a) Oxygen-adsorbed CNTs near liquid temperature. (b) Oxygen-desorbed CNTs at elevated

temperature.
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The pressure of the vacuum system is brought up to lxl0 -6 torr after oxygen exposure and then we elevated the
substrate temperature above 1020 K. After each thermal oxidation, the heating was turned off and the vacuum
system was evacuated down to a base pressure again. Figure 1 presents the UPS spectra at various dosages of

oxygen. However, interestingly, there is no oxygen peak observed and no difference is seen either. It is reported that
the oxidation of the CNTs is more active on the cap than the body and the oxidation temperature is about 950 K
(ref. 11). In addition, the adsorption of oxygen molecule at the defect sites is exothermic (ref. 11). Oxygen

molecules adsorbed on the tube wall are physorbed and therefore these molecules do not change the tube structures
even at high temperature. Oxygen molecules adsorbed on the tub edge or the cap is chemisorbed. These molecules
will be desorbed in a form of CO or CO2 molecule at high temperature. Since MWCNTs have many concentric

shells, the outmost shell may be disintegrated with the latter reactions. However, we observe no change in the UPS
measurements. This suggests that although such oxidative erosion removes an outmost oxidized layer, this process
simultaneously brings a new inner layer from MWCNTs to vacuum. Consequently, the MWCNT structure appears

the same all the times. In order to see the effect of oxygen adsorption, the substrate was cooled down to liquid
nitrogen temperature. The substrate temperature was about 90 K. Exposure of CNTs at 90 K to oxygen gases is
shown in Fig. 2. As we keep supplying oxygen gases to the chamber, the oxygen peak is gradually developed near
13 eV.

So far, we have not seen a rigorous change in the DOS from oxidation. Atomic oxygen would be more effective
in inducing more serious destruction of the CNTs. Oxygen molecules are decomposed by a Mo filament, which is
located in front of the CNT film. The Mo filament was heated up to 1500 ~ 2000 °C. We applied the negative bias

of 15 volt in order to drive atomic oxygen to the CNT film. Since the separation between the filament and CNT
film is about 15 cm, we consider that the bias is not strong enough to physically sputter the CNTs. Although the
exact temperature of the substrate was not measured, the substrate temperature is higher than room temperature

due to the radiational heating from the Mo filament, but still much lower than the oxidation temperature. The
CNTs are exposed to an atomic oxygen to lxl0 -6 torr for 45 minutes and subsequently heated above 900 K for 10

minutes to remove oxygens from the surface. We saw no remarkable changes in the DOS, similar to the liquid

nitrogen experiment. These results suggest that oxygen dosage may not be enough to see the changes in the UPS.
We next introduce more oxygens in the chamber. At the same oxygen pressure, we increased an exposure time

of atomic oxygens to 70 minutes. After massive oxidation, considerable variations are observed as shown in Fig. 3.

From the pristine CNTs, the electrons contributing to 2~7.6 eV are assigned to 2p-_ electrons, which overlap with

the top of 2p-_ electrons (ref. 13). After the CNTs are massively exposed to oxygen,
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Figure 3. UPS spectra of massively oxidized CNTs after annealing at various temperatures.
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Figure 4. TEM images of CNTs (a) before and (b) after oxidation.

electronic structure is changed dramatically. The DOS of 2p-_ electrons near 3 eV almost disappears and that of

2p-cy is severely affected. The origin of those changes is the transformation of the graphitic layer to amorphous
carbons with 5_O 3 network (ref. 12). The effect of the increase of the amorphous carbons on plasmon excitation will
be discussed later. As the CNT caps are oxidatively opened, edges and defect sites are predominantly occupied with

the cybond not only between oxygen and carbon atoms, but also between carbon atoms. Therefore, before we

started annealing, the UPS spectra show strong 2p-cy electron states. However, with increasing the temperature of
CNTs, the oxygen atoms desorb from the surface of CNTs through the formation of CO and CO2. Annealing the
CNTs sublimates oxygens and reconstructs the morphology of CNTs. It is clearly shown in Fig. 3 that the slow

development of 2p-_ electron state is observed as the annealing temperature is raised.

Peaks appeared 23 and 46 eV are attributed to collective cy+_ plasmon excitation. It is reported that the typical
collective cy+_ excitation from CNTs is around 27 eV and this plasmon excitation contains information about

structures because cy+_ excitation can shift upon the diameter and the number of wall of CNTs (ref. 14). The shift

of collective cy+_ excitation energy to lower energy is correlated with the weakening of _ electron contribution.
These _ electrons in graphite participate in weak interlayer interaction. Therefore, the shift of collective cy+_

excitation to lower energy explains that the transformation of graphene sheet to amorphous carbon degrades the
ordering along c-plane. The destruction of c-plane ordering is well shown TEM images in Fig. 4(b). In addition,

amorphous carbon is seen around CNTs. Comparing to unoxidized CNTs shown in Fig. 4(a), the oxidation opened
the cap and damaged the body of CNTs, whereas the degree of oxidation is less significant on the body.

Strong peaks near 28 eV are attributed to nickel oxides. Nickel is usually used as catalyst and it migrates along
the tube during the growth. The appearance of nickel explains the cap is opened. For the operation of field

emission array (FEA), the existence of oxygen inside FEA is extremely dangerous not only because oxidation
exhausts DOS near the Fermi energy, resulting in increase of turn-on voltage, but also because oxidation exposes
nickel particles to vacuum, which would lead FEA to vacuum breakdown at high emission current. However, the

peak around 38 eV is not adequate for oxygen. We were not able to identify the peak at this moment.

CONCLUSION

We have studied the influence of oxygen on the electronic and geometric structures of CNTs. MWCNTs have
shown a metallic band structure initially. However, after they are heavily exposed to atomic oxygen, their band
structure becomes semiconducting, whereas it changes back to metallic band structure again when de-oxygenation
is carried out. These variations in DOS result from structure transformation. The outer wall of CNTs becomes

amorphous phase and cap structure is completely vanished. Surprisingly, nickel emerges to vacuum during the
oxidation. We propose that protruding of nickel at the apex of open CNTs is an obstacle to be overcome for the

dependable operation of FEA. In addition, the decrease of ordering along the c-planes contributes to the lowering
of the collective cy+_ excitaion.
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ABSTRACT

The electronic structure of the vertically aligned multiwalled carbon nanotubes has been modified by Ar and Ne

ion bombardment and thermal treatment, and probed using ultraviolet and X-ray photoemission spectroscopy. With

increasing ion bombardment dose, the density of states near the Fermi level is largely increased. The carbon ls core

level spectra indicate that the sp 3 hybridization character is significantly developed at the initial exposure of the ion

bombardment. Thermal-treated carbon nanotubes after the ion bombardment largely reduce the density of states near

the Fermi level. This letter shows that the ion bombardment on carbon nanotubes can be utilized to get more metallic

property while the thermal treatment after ion bombardment can be applied for obtaining more semiconducting

carbon nanostructures.

Keywords: carbon nanotube, electronic structure, photoemission, modification

INTRODUCTION

The elementary particle irradiation can be utilized for modification of materials properties. For example,

Banhart group studied the structural phase transition of carbon nanostructures from graphite to diamond using high-

energy electron irradiation at high temperature [ 1,2]. Defect-induced oxidative etching of graphite has produced

some unusual decorative etching patterns on the graphite depending on the ion-bombardment energy [3]. One of the

interesting nanostructures is carbon nanotubes (CNTs). Carbon nanotubes have unique properties, and especially the

metallic property of carbon nanotubes depends on chirality (n,m)) (metal when n - m = 3k, and semiconductor

when rt-m ¢ k where k = integer) [4-7]. The chirality-dependent electronic density of states (DOSs) near the

Fermi level from a single carbon nanotube has been observed using scanning tunneling spectroscopy (STS) [8]. The

electronic structure of carbon nanotubes has been studied using photoemission spectroscopy for single-walled CNT

films [9] and for mutliwalled CNT film [ 10]. Furthermore, the electronic band dispersion along the CNT axis from

vertically aligned multiwalled-carbon nanotubes was observed using angle-resolved photoemission spectroscopy

[ 11]. Those experimental results are obtained from CNT films with random chiarlity. However, identifying the

metallicity of the carbon nanotubes is of both fundamental and technological importance in applications of CNTs,

such as transistors [12,13], heterojunction device [14] and especially nanoscale electronic devices [15]. However,

controlling the chirality is not trivial with the current sample-preparation technology.

In this study, we focused on the modification of the electronic structure by the ion bombardment and

thermal treatment to get the desired electronic structure of carbon nanotubes, which is less related to individual

electronic structure of carbon nanotube. This could help open doors for engineers to fabricate an intramolecular

heterostructure device, which can be achieved with an anisotropic electronic structure modification of the CNT

without requiring the chirality information a priori. Therefore, carbon nanotubes could be used as a backbone to

make a heterostructure device. Ultimately, the band gap, the density of states, and the work function will be

engineered by modification of the carbon nanotubes, since these are the key physical parameters to determine the
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performanceof thenanodevice.Asanexample,theformationoftheseamlessintramolecularheterostructurewill
resultinap-njunctiondiode,and/oratransistorwithhightemperatureoperationcapabilitywithanadvantageofits
engineeredbandgap.A selectivemodificationoftheCNTwillbeachievedbytheirradiationoftheionsandthermal
treatments,asshowninthisstudy.Especially,theverticallyalignedmultiwalledcarbonnanotubeshavebeenusedas
afieldemissionelectronsource[16].Thefieldemissionpropertylargelydependstheelectronicstructures[17].

WeshowthatthedensityofstatesneartheFermilevelincreaseswithincreasingion-bombardmentdose,
andthisis relatedto thedisorderin crystalstructure,defectformation,andmixingof thesp2,sp3andsp1
hybridization.Thethermaltreatmentof theion-bombardedcarbonnanotubesinducesreductionof thedensityof
statesneartheFermilevel,andthestructuralreconstructionwithlargersp3hybridizationandorder.Thisallowsthe
electronicstructuremanipulationneartheFermilevelto getthedesiredmetallicandsemiconductingcarbon
nanostructuresbycombinationofionbombardmentandthermaltreatment.

EXPERIMENTS

ThealignedmultiwalledcarbonnanotubeshavebeengrownonNi-coatedSisubstratesusingthemicrowave
plasma-enhancedchemicalvapordeposition(MPECVD).Thediameter,length,growthrate,thenumberofwalls,
andthedensityoftheCNTscouldbecontrolledbythegrainsizeandmorphologyofthenickelthinfilmsthatare
alteredbytheradiofrequency(RF)powerdensityduringtheRF-magnetronsputteringprocess[18].Theangle-
resolvedphotoemissionstudyhasbeenconductedin a synchrotronradiationcenter,Centerfor Advanced
MicrostructuresandDevices(CAMD)atLouisianaStateUniversity.A monochromaticphotonhasbeenobtained
fromthedispersionof 3 m toroidalgrating.Theresultantcombinationalresolutionof thephotoemission
spectroscopyis100meV.Thealignedsamplesareannealedforseveralstagesupto600°Cforthephotoemission
measurementstoremovealargeamountofhydrogen,nitrogen,water,andcarbonaceousparticles.Thebasepressure
was2 x 10 -10 Torr [11]. The argon ion bombardments are conducted with 2 kV acceleration voltages. The angle-

resolved x-ray photoemission spectroscopic study has been done with Mg Kc_ - line (1253.6eV) with a 1 x 10 .9 Torr

base pressure. The neon bombardment has been conducted with 5 kV acceleration voltages.

RESULTS AND DISCUSSION

The structure of the thermally treated carbon nanotubes

after Ar-ion bombardment is compared to the pristine carbon

nanotube using scanning electron microscope (SEM) and high-

resolution transmission electron microscope (HRTEM), as shown

in Figure 1. The pristine carbon nanotubes were bombarded with

1200 btA • min Ar-ion flux at 2 kV. After Ar-ion bombardments,

the sample is annealed up to 500 °C for 5 minutes. As a result of

the heat treatment, the multiwalled carbon nanotube is changed to

a double-walled nanotube, and the relatively ordered carbon

particles are filled in-between the two graphitic layers. This

ordered structural change is not surprising, since a structural

change from the graphite to the diamond induced by the electron

irradiation at high temperature has been probed using HRTEM [ 1].

This indicates that the multiwalled carbon nanotube is transformed

to a mixture of graphite and diamond-like structure by the thermal

treatment after Ar-ion bombardments. The detailed structural

change near the nickel particles was not detected due to the

employed HRTEM resolution limit, even though Banhart group

particles [2].
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Figure 1. a) Scanning electron microscopic

image of pristine carbon nanotube films,

and high resolution scanning tunneling

microscopic images from b) pristine, and c)

argon-ion bombarded carbon nanotubes.

showed the structural change near the nickel

The detailed effect of the ion-bombardment and the annealing effect on the electronic structure are studied using

photoemission spectroscopy, as shown in Fig. 2 and 3. As a function of the Ar-ion bombardment, the valence band

electronic structures are measured with 65 eV photons at normal emission of photoelectrons, as shown in Fig. 2(a).

The unique electronic structures of the pristine carbon nanotubes show the finite density of states near the Fermi

level, the largely overlapped states near 3 eV, and 7.5 eV binding energies [9]. These degenerate states are shown as

sharp peaks in Fig. 2(a).
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AstheAr-ionbombardmentdoseincreases,the
valencebandelectronicstructureislargelychanged.Thes-p
bandnear20eVis largelydevelopedattheinitialiondose.
Thehighlydegeneratedfeatureat7.5eVof thepristine
carbonnanotubessignificantlybroadenswithincreasingthe
ion bombardmentdueto the structuraldisorderand
formationof defects.Thepeakat3 eVbindingenergy
becomesunresolveddueto theincrementof the1 eV
featureandbroadeningof features.Especially,thefeature
intensitynear1 eV belowtheFermilevelis largely
increased,whilethereisnosignificantchangeofthedensity
ofstatesattheFermilevel.Thenormalizedpeakintensityat
1 eVbindingenergyto theintensityof pristineCNTsis
largelyincreasedattheinitialexposureandthenit isslowly
increasedwithincreasingoftheAr-ionbombardmentdose
asshownintheinsetofFig2(a).Thisisanindicationofthe
_-bandformation.Thesechangeshavebeenalsoobserved
in thepolycrystallinegraphite(sp2)andpolycrystalline
diamond(sp3)[19].Especially,thefeatureat1eVbinding
energyhasbeendetectedusingthedoublederivativeofthe
carbonKVVAugerlines,andassignedastheg-satesin
amorphouscarbon[20].

Thecarbonls corelevelspectrafromtheCNTs
aretakenasafunctionof theneonbombardmentdose,as
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Figure 2. a) Ultraviolet photoemission spectra,

which are taken at normal emission using 65 eV

photons as a function of Ar-ion bombardment

dose. b) Carbon 1 s core level spectra as a

function of neon-ion bombardment dose. The

inset of Figure 2a is the integrated intensity from

the Fermi level to 1.5 eV binding energy as a

function of Ar-ion bombardment.

shown in Fig. 2(b). These carbon is core levels are deconvoluted with three peaks at 284.6 eV, 285.5 eV, and 286.7

eV, respectively [20]. In the case of the pristine carbon nanotubes, the carbon ls core level spectra mainly consisted

of a large peak at 284.6 eV with the sp 2 hybridization character. There still exists the sp 3hybridization peak at 285.5

eV with 20 % of the sp 2 peak intensity. The origin of the feature at 286.7 eV is not clear, even though it has been

assigned as a satellite of the sp 2 hybridization peak [21]. The pristine carbon nanotubes also show a shake-up state

near 6.5 eV away from the carbon ls peak, as marked with an

arrow in Fig. 2(b). This feature originates from a g-plasmon

state, which shows sp 2 character [21]. With increasing neon

bombardment dose, the main carbon ls core level peak is

broadened and the shake-up states disappeared, as shown in

Fig. 2(b). This is related to the formation of the sp 3 and sp 1

hybridization and disorder in crystal structure. At the initial

exposure of the neon-ion bombardments, the peak intensity of

the sp 3 hybridization character is largely increased with

expensing the sp 2 hybridization peak intensity. With further

increasing the neon doses, the peak intensities corresponding

to the sp 2 and sp 3 hybridizations are slightly changed. This

trend is also observed in the broadening of the peaks at 7.5

eV and 3 eV in the valence band spectra, as shown in Fig.

2(a). The feature intensity at 1 eV binding energy is also

slowly increased with increasing of the ion bombardment

dose. These imply that at the initial exposures of ion

bombardment dose, the formation of defects and the cross-

linking between carbon layers largely occurs, and then

disorder in the crystal structure is followed with further

exposures.

The valence band spectra of the ion-bombarded CNTs

are taken as a function of annealing temperature, as shown in

Fig. 3. With increasing annealing temperatures, the density of
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Figure 3. a) Ultraviolet photoemission spectra,

which are taken at normal emission after Ar-ion

bombardment with 1200 NA • min dose as a

function of the sample annealing temperature,

and b) the intensity ratio of the spectra near

Fermi level with respect to the pristine carbon

nanotubes as a function of annealing

temperature.

states near 1 eV binding energy is dramatically reduced as shown in Figure 3(a) while there is no significant change
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in thehigherbindingenergyfeatures(nobindingenergyshiftandnopeaksharpening).Thenormalizedintensity
ratioofthefeatureneartheFermileveltotheintensityofthepristinecarbonnanotubesdramaticallydecreaseswith
increasingoftheannealingtemperature.Above200°C,theratioisalmostlinearlydecreasedwhilethereisahuge
reductionaround300°C.Theseclearlyindicatethati) thedefectsformedin thetubewallsduringtheion
bombardmentmaybereconstructedintosomeotherformsorthecapofthecarbonnanotubesisreconstructedandii)
moresp3hybridizationthansp2hybridizationis expectedin theamorphouscarbonwithincreasingannealing
temperatures.Especiallyafterannealing500°C,thedensityofstatesneartheFermilevelislessthantheoneofthe
pristineasshowninFigure3(b)(ratio= 0.9 at 500 °C). It clearly indicates that the metallicity of the pristine carbon

nanotubes is changed to semiconductor with increasing annealing temperature after ion-bombardment.

CONCLUSION

In summary, the electronic structure of the carbon nanotube is modified with ion bombardment and thermal

treatments. The ion bombardment on carbon nanotubes induces i) the large density of states at 1 eV binding energy,

ii) broadening of the degenerate states, and iii) the formation of the sp 3 hybridization, disorder, and defect in the

crystal structure. Thermal treatment of the ion-bombarded carbon nanotubes reduces the density of states near Fermi

level related to the reconstruction and the increment of the sp 3 hybridization. Thus the application of ion-

bombardment and thermal treatment to carbon nanotubes gives the desired electronic structure modification

accompanied with structural transformation.
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One of the most attractive applications of single-wall carbon nanotubes (SWNT) is found in the area of

structural materials. Nanotubes have a unique combination of high strength, modulus and elongation to

failure, and therefore have potential to significantly enhance the mechanical properties of today's

composites. This is especially attractive for the aerospace industry looking for any chance to save weight.

This is why NASA has chosen to tackle this difficult application of single wall carbon nanotubes. Nanotube

properties differ significantly from that of conventional carbon fibers, and a whole new set of problems,

including adhesion and dispersion in the adhesive polymer matrix, must be resolved in order to engineer

superior composite materials. From recent work on a variety of applications it is obvious that the wide

range of research in nanotubes will lead to advances in physics, chemistry, and engineering. However, the

possibility of ultralightweight structures is what causes dreamers to really get excited.

One of the important issues in composite engineering is aspect ratio of the fibers, since it affects load

transfer in composites. Nanotube length was a gray area for years, since they are formed in bundles,

making it impossible to monitor individual nanotube length. Even though bundles are observed to be tens

and hundreds of microns long, they can be built of relatively short tubes weakly bound by Van der Waals

forces. Nanotube length can be affected by subsequent purification and ultrasound processing, which has

been necessary in order to disperse nanotubes and introduce them into a polymer matrix. Some calculations

show that nanotubes with -105 aspect ratio may be necessary to achieve good load transfer (ref. 1). We

show here that nanotubes produced in our laser system are as much as tens of microns long and get cut into

lengths of hundreds of nanometers during ultrasound processing (ref. 2).

Nanotube length was measured by AFM on pristine nanotube specimens as well, as after sonication. In

each case great care was taken to measure individual nanotubes, rather than bundles. Pristine nanotubes

were collected on quartz substrates placed directly in the laser oven and exposed for 0.5 s. This results in an

equal mix of bundles and individual nanotubes (Figure 1). Nanotube length measurements were limited

practically by the lateral span of the AFM scanner, but nanotube length is certainly in excess of 20 gm.
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FIGURE 1. AFM image and corresponding height profiles of one of the substrates exposed for 0.5

seconds, without inner tube and argon flowing at 100 sccm. a) Individual tube, 1.25 nm diameter and

>22 pm long. b) Individual tube, 0.86 nm diameter, >18 pm long. c) Short tube, 0.8 nm diameter, 0.38

pm long. d) Tapered bundle.
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FIGURE 2. AFM image and corresponding length distribution of laser material, produced at Johnson

Space Center, dispersed in SDS / PVP water solution after 10 hours of sonication. Nanotube mean

length is -380 nm.

Location and size distribution allowed us to conclude that nanotubes form very close to the target and

continue to grow and bundle up in collisions as they travel away from it.

In order to prove that sonication shortens tubes, several specimens from various sources were

dispersed by 10 hours of sonication in water solution of SDS (sodium dodecyl sulfate) followed by

incubating with PVP (polyvinyl pyrrolidone). This process separates most bundles into individual

nanotubes, resulting in an even mixture of nanotubes and bundles (ref. 3). Nanotubes were subsequently

deposited on silicon substrates for AFM imaging. Lengths and diameters were measured for over 300 tubes.

Nanotubes vary in length from 50 to 2000 nm, which confirms that sonication cuts them (Figure 2).

Nanotube chemistry is also important for composites, especially in an attempt to separate bundles into

individual tubes while optimizing the interaction between tubes and a matrix polymer. Recent work

includes in-situ studies of the load transfer in composites using Raman spectroscopy (ref. 4). Nanotubes

exhibit a number of active Raman modes, some of which were shown previously to be strain-sensitive in

hydrostatic compression tests (ref. 5). For our experiments, nanotube bundles were embedded in epoxy

resin matrix. We measured the strain4nduced frequency shift of tangential Raman active modes of SWNTs.

Epoxy curing and sample extension in the tensile strength test were found to create residual strains on the

SWNT bundles. We demonstrate that specimen compression in combination with the Raman microprobe

technique provide a means for determination of these strains and hence load transfer effectiveness.
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ABSTRACT

We have been involved in a program directed toward development of composite materials that manifest
the extremely high tensile strength of carbon nanotubes. In order for such materials to be prepared, it is necessary
to provide improved adhesion between the nanotube and the polymer matrix. Sidewalls of (idealized) nanotubes
are essentially graphite, and therefore derivatization will require extremely reactive reagents.

We have demonstrated that dichlorocarbene and benzyne can attack the "graphitic" equatorial region of
the C7o fullerene. These reagents are therefore prime candidates for attack on the similar sidewalls of nanotubes.

We have treated a variety of nanotubes with these reagents and have characterized the resulting
derivatives. Solubilized single wall carbon nanotubes were treated with dichlorocarbene and multiwall nanotubes

with carbenes and benzynes. Spectra data from these samples has been compared with data from the
corresponding fullerene derivatives, and these results the conclusion that we have modified the nanotubes.

Composites have been made using these modified nanotubes and a variety of polymers. Results on
polystyrene/nanotube composites have shown that processibility significantly increases with modification of the

nanotubes with benzyne. Composites formed with polystyrene and benzyne-modified MWNT's are significantly
more flexible and less brittle than polystyrene or polystyrene composites made with raw, unmodified MWNT's.
The modulus increases as well.
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We have built and used new tools, as well as employed

conventional methods like tapping mode AFM in new ways, to

measure

mechanical properties of carbon nanotubes, including: (a)

tensile response of MWCNTs and SWCNT ropes (b) response to

tensile load of nested, neighboring shells (shell sliding or

"nanobearing"), thus mapping out interesting tribology (c)

collapsed or partially collapsed MWCNTs on surfaces and on

TEM grids as examined by TEM. In this talk, I present the

new tools and methods, and results achieved.
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ABSTRACT

Molecular dynamics simulations have been performed to study the mechanical properties of two types of single-

walled carbon nanotubes under tensile loading with and without hydrogen storage. Advanced bond order potentials

were used in the simulations. (10,10) armchair and (17,0) zigzag carbon nanotubes have been studied. Three

deformation stages of armchair carbon nanotube are found. In the first stage, the elongation of nanotube was

primarily due to the altering of angles between two neighbor carbon bonds. The Young's Modulus observed in this

stage was comparable with experiments. In the second stage, the lengths of carbon bonds are extended, while stage

3 was corresponding to the break up of the carbon-carbon bonds. The tensile strength in this stage was higher than

that observed in the first stage. Similar result was also found for the zigzag carbon nanotube but at lower level.

Hydrogen molecules stored inside or outside of nanotubes reduced the fracture strength of both types of carbon

nanotubes. The competition in formation of the hydrogen-carbon and carbon-carbon bonds was found to be

responsible for the detrimental effect. During the deformation, some carbon-carbon bonds were broken and

reconstructed. If hydrogen molecules were around, H atoms would compete with the carbon atoms, to form the

hydrogen-carbon bonds.

Keywords: carbon nanotubes, hydrogen, fracture, computer simulation

INTRODUCTION

Due to the nano-size of single-walled carbon nanotube (SWNT), a direct measurement of its mechanical

properties is rather difficult. However, this extreme size is very suitable for performing atomistic simulations.

Numerous theoretical studies have been carried out in recent years. Yakobson et al. performed a molecular dynamic

(MD) simulation to study the high strain rate fracture in nanotubes (ref. 1). They proposed that nanotubes have an

extremely large breaking strain. More recently, tight-binding electronic calculations on the mechanical properties of

SWNT were reported by Ozaki, et al.(ref.2). Their results revealed that under large strain (-30%), a zigzag nanotube

and an armchair nanotube are the stiffest under elongation and compression regimes, respectively. Currently, the

atomistic simulations on hydrogen in SWNTs are mainly focused on two issues: how much hydrogen can be stored

and where the atoms are stored. It is known that in the metal-based materials, the absorption of hydrogen often

results in embrittlement. A question is, since carbon nanotubes are both promising for use in structure and hydrogen

storage, what is the effect of hydrogen on mechanical properties of carbon nanotubes? This report is an attempt in

answering this question.

METHODOLOGY

We have adopted Brenner's hydrocarbon potential, a bond order potential, in our simulation (refs.3 to 5).

Nanotubes are (10,10)xl00u armchair type and (17,0) X58u zigzag type, respectively. The subscript u denotes a
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repeatunitofSWNTalongtheaxialdirection.Theseunitswerechosensothatthetwotypesofnanotubeshavea
similardiameterandtubelength.A simulationcellisshowninFigure1 schematically.A periodicboundary
conditionhasbeenusedalongtheaxialandhorizontaldirections.Tosimulatethetubesundertensileloading,we
followedtwosteps.First,thetubeswereannealedatsimulationtemperaturefor5,000MDsteps.Thetimeinterval
betweentwoMDstepsis0.5fs.Then,thetubewaspulledinaxialdirection(i.e.,z-direction)withastrainof 5×10 -4.

Following each step of pulling, some additional MD steps were used to relax the structure. The simulations were

performed at 300 K and 600 K, respectively.

RESULTS AND DISCUSSION

Unlike the continuum shell model, SWNT is constructed by hexangular carbon rings so that its mechanical prop

erties are strongly depended on its chiral directions. Bond angle and bond length are the two crucial factors that cont

rol the deformation. For armchair SWNT, the elongation of tube due to the altering of bond angles can be up to 15

% if the C-C bonds are assumed to be rigid. While for zigzag SWNT, one-third of the C-C bonds are parallel to the

axis. The loading force is then directly acting on these bonds so that they are easy to break. Figure 2 shows the tensil

e force (Fz) along the axial direction of the armchair (10,10) and zigzag (17,0) SWNTs as a function of strain (Fz-e c

urve) without hydrogen. The tensile force Fz is deduced from an early work (ref.6) by changing the volume to tube 1

ength. Young's modulus of the tubes can be directly evaluated from the figure from liner region in Stage 1. If we co

nsider the wall thickness of tube to be 3.44 A (ref.7), which is the interlayer separation between stacked graphene la

yers, the Young's modulus is then about 753GPa. This is comparable with the recently experimental result (ref.5).

A detailed examination of nanotube structures during deformation revealed that the elongation of the (10,10)

nanotube is initially due to the altering of bond angles (Stage 1). Under further pulling, the contribution from the

elongation of the C-C bonds becomes significant and plays the main role (Stage 2). When the strain is up to a critical

level, some groups of the C-C bonds are broken. Then, the tube starts necking and the force Fz decreases

dramatically (Stage 3).

Compared with the (10,10) SWNT, the (17,0) zigzag SWNT has significantly smaller maximum strain and

maximum tensile force. Here, we define the maximum strain (MS) and the maximum tensile force Fz (MTF) at the

turning point on Fz-strain curve that has the highest value of Fz. Due to the nature of the hexagonal carbon ring,

pulling the zigzag tube along its axial direction would cause some second nearest neighbor C-C atoms to become

closer and to form new C-C bonds. In the local regions of these newly formed bonds, some old carbon-carbon

bonds have to break due to the saturation of covalent bonds. This would lead to the necking and breakage of the

zigzag SWNT.

A range of 4-10wt% of hydrogen stored in SWNT were reported (ref.8). In the following simulations, the

armchair (10,10) and zigzag (17,0) SWNTs were used again for comparison. In our simulation, these SWNTs were

pre-stored with 4.17 or 8.34 wt% of hydrogen gas (H2), both are in the reported range. The absorption of hydrogen

in carbon nanotubes has been theoretically studied (refs. 9 and 10). In the current simulation, however, the details of

the absorption procedure are not of primary concern. We place H2 molecules into tubes directly. The initial

positions and the orientations of H2 molecules in the tubes are chosen randomly. To avoid the overlap of atom

positions, atomistic relaxation was performed. When this is done, 5000 MD steps were used to anneal the structures

of carbon and hydrogen atoms at simulation temperatures and the tensile loading were then carried out. The results

show that the maximum tensile force and the maximum strain both decreased due to the storage of H2, see Figure

3(a) and (b). The effect of H2 on the zigzag (17,0) SWNT seems not as significant as on the armchair (10,10) one.

The effect of stored molecular hydrogen on mechanical properties of SWNT was found to strongly depend on

temperature. It can be seen from Figure 3(c) and (d) that the reductions of MS and MTF caused by hydrogen

storage at 600K are much larger than that at 300K.

The interstitial channels between adjacent nanotubes in a rope of SWNTs may also be the possible sites to

accommodate H2, although there are still some debates at present on this issue. Motivated by this possibility, we

also studied the case in which H2 is stored in outside surface of the tubes, i.e., between the tubes. The simulation

procedure is as follows. A (10,10)xl00u SWNT was placed in the center of a box of 3nmx3nm in length and width.

The height of the box was set equal to the length of the SWNT. H2 molecules were stored in the box, while the

space inside the tube was kept empty. In order to compare to those tubes with H2 stored inside, the molar fractions
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ofH2werechosentosatisfythatthepressureofthehydrogengasoutsidethetubesisequaltothatofthosetubes
withH2storedinside(4.17and8.34wt%).PeriodicboundaryconditionswereusedintheX,Y andZdirectionsof
thebox.Thesimulationtemperaturewas300K.Comparedtothehydrogen-freeSWNT,thereductionsin the
maximumforceare37.7eV/Aand82.7eV/Afor4.17and8.34wt%hydrogenstorage,respectively.Theincreasein
reductionofMTFmightbeduetotheincreaseineffectivecontactareabetweenH2andthenanotubesurface,
becausetheoutersurfaceareaofthenanotubeislargerthantheinnersurfacearea.

Theremaybeacoupleofreasonsthathadcausedthereductionofstrengthofnanotubesbyhydrogenstorage.
OneofreasonsmightbethehighpressureofH2actingonthewallofthetubes.Takethe(10,10)armchairtubewith
4.17wt%storedhydrogenasanexample.TheatomicratioofH/Cis1:2.If weassumethatallhydrogenatoms
storedinsidethetubeareinthegasphase,thepressureofgaswouldbe95.2MPaat300K.Suchhighpressureof
hydrogengasactingonthewalloftubeswouldchangetheloadingmodeofthetube.In addition,underthehigh-
straintensileloading,somebondsin thecarbonringswerebrokenandthiscreatedlocaldefectregionsonthewall.
Thepressureofhydrogengaswoulddrivemolecularhydrogenpassingthroughthesedefectregionsandcausethe
regionstoextendintoholes.Anothermoreimportantreasoncomesfromthecompetitionin formationsof the
hydrogen-carbonandthecarbon-carbonbonds.Oursimulationsshowthatthetotalnumberof theC-Hbonds
increasedsharplyattheStage3ofthetensiledeformationwhentheC-Cbondsstarttobreakup.SincesomeC-C
bondswereelongatedandbrokenatthestage3ofthedeformation,hydrogenatomswerelikelyto"catch"someof
thefreecarbonbondstogeneratetheC-Hbonds(seeFigure4),sothatthefractureofSWNTwasthenaccelerated.

CONCLUSIONS

MDsimulationsbasedonanewbondorderpotentialhavebeenperformedtostudythemechanicalpropertiesof
SWNTundertensileloadingwithandwithouthydrogenstorage.Theresultsshowthat:
(1)ThetensiledeformationofSWNTsuptothepointofneckingexperiencestwostages,controlledbyalteringof

theC-CbondangleandtheC-Cbondlength,respectively;
(2)HydrogenstorageinSWNTreducesthemaximumtensilestrengthofthetubeaswellasthemaximumtensile

strain;and
(3)ThecompetitionbetweentheformationsoftheH-CandtheC-Cbondsmayberesponsibleforthereductionin

themechanicalstrengthoftheSWNTwithH2storage.

ACKNOWLEDGEMENT

TheMDprogramusedincurrentsimulationswasmodifiedfromthatofBrenner's.Theauthorsaregratefulto
Prof.DonaldW.Brennerforallowingustosharehisprogram.Thisworkwassupportedbyacentralresearchgrant
fromtheHongKongPolytechnicUniversity(A-PC04).

References
1. Yakobson,B.K.;Campbell,M.P.;Brabec,C.J.;Bernholc,J.,Comp.Mater.Sci.,8(1997)341.
2. Ozaki,T.;Iwasa,Y.;Mitani,T.,Phys.Rev.Lett.,84(2000)1712.
3. Mowrey,R.C.;Brenner,D.W.;Dunlap,B.I.;Mintmire,J.W.;White,C.T.J.,Phys.Chem.95(1991)7138.
4. Robertson,D.H.;Brenner,D.W.;White,C.T.J.,Phys.Chem.,96(1992)6133.
5. Dunlap,B.I.;Brenner,D.W.;Schriver,G.W.J.,Phys.Chem.,98(1994)1756.
6. Haile,J.M.,Moleculardynamicssimulation:elementarymethods,AWilry-IntersciencePublication,1992.
7. Saito,R.;Dresselhaus,G.;Dresselhaus,M.S.,PhysicalPropertiesofCarbonNanotubes,ImpreialCollegePress,

London,1998.
8. Simonyan,V.V.;Diep,P.;Johnson,J.K.,J.Chem.Phys.,111(1999)9778.
9. Dresselhuas,M.S.;Williams,K.A.;Eklund,P.C.,MRSBulletin,November(1999)45.
10.Darkrim,F.;Levesque,D.,J.Chem.Phys.,109(1998)4981.

NASA/CP--2001-210948 775 August6,2001



I

, .......... J---

l S

_S _ j

S S

i"41-................................ ID
lOnm

z

Y

Figure 1. Schematic plot of simulation cell.

E
O

co
O_
c-

v

Lj_ _

250

2OO

15O

lO0

5O

0

0.0

-/i oorm
_. ,_zz'" . ,'", . ---- (17,0) zigzag SWNT....

i I i I i I i I i

0.2 0.4 0.6 0.8

Strain

1.0

Figure 2. Tensile force along axes of the armchair (10,10) and zigzag (17,0) SWNT as a function of strain. The
numbers 1, 2 and 3 denote the three deformation stages of armchair SWNT under tensile loading.
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Figure4.Snapshotsofthe(10,10)SWNTwith4.17wt%hydrogenstorage:(a)acrosssectionat4.7ps(stage2);(b)
thesamecrosssectionat7.6ps(stage3);and(c)aviewatthepointoffracture.Smallwhiteballsarehydrogen
moleculesoratoms.
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ABSTRACT

A recovery treatment of fracture origins has been developed for carbon fiber by

using sheet electron beam irradiation. EB irradiation enhanced Weibull modulus and

also increased the tensile strength of fracture. Namely, it enhanced design tensile strength

for aircraft materials.

Key Words: tensile strength, fracture, carbon fiber, EB, Weibull modulus

I.INTRODUCTION

Carbon fiber composites have been applied as high-strengthened light

structural materials in the fields of aerospace and rapid transit engineering. 1'2

Furthermore, in first step in producing, it is often difficult to handle the fractured

fibers in the bundling machine, because carbon fiber often fractured. Since carbon

atoms diffuse at high temperatures, heat treatment is typically used to enhance

the fracture stress of carbon fiber [Ref.3]. Such carbon atom migration probably

reconnected the separated crystal planes near the crack tips and might occupy

free volume [Ref.4] in glassy structure. Thus, the crack tips became dull and the

inter-atomic bonding density became high in carbon fiber. However the heat

treatment takes long time for heat treatment. In order to modify the fracture

strain for short time at lower temperature, carbon fiber has been often treated

with electron beam (EB) irradiation. 5 Electron beam (EB) irradiation of high

electrical potential (170 kV) is used to migrate carbon atoms in a carbon fiber.

Namely, the EB irradiation not only enhanced the fracture strain, but also may

enlarge the tensile strength on fracture. Therefore, the purpose of the present

work is to study effects of EB treatment on tensile strength of fracture of carbon

fiber.
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II.EXPERIMENTAL

The carbon fiber (6 x 10 -6 m in diameter, Filament 12000f ASAHI-NIPPON CARBON

FIBER Co. Ltd. TOKYO JAPAN) was cut into pieces 50 mm in length. The sheet electron beam

irradiation was homogeneously performed using an electron-curtain processor (Type

CB 175/15/180L, Energy Science Inc., Woburn, MA) [5-8 ].

The acceleration potential and the irradiating current densities were 170 kV and 0.89 x

10-2mA/cm 2, respectively. The EB treatment was applied intermittently (i.e., not continuously).

The conveyer speed was 10 m/rain. Irradiation time was kept constant at 0.23 s in order to

control the temperature in each of the four samples. The temperature of the sample was below

323 K just after the EB irradiation. The irradiation dose was controlled by the integrated

irradiation time in each of the samples. Here, the total amount of absorbed dose value was

converted by the absorbed dose of the distillation water. Although the EB generation was in

vacuum, the irradiated specimen was kept under protective nitrogen at atmospheric pressure in

the apparatus. Namely, specimen was irradiated by electron beam through the titanium thin film

window attached to vacuum chamber (240 mm in diameter). The distance between sample and

window is 35 ram. The oxygen concentration was less than 400 PPM in this atmosphere.

To evaluate tensile strength on fracture, a tensile test was performed. The stress rate was 0.3

N/s. Since d_/de is constant without small strain, the strain rate is approximately constant.

RESULTS AND DISCUSSION

1.Fracture ratio

To evaluate fracture resistance, the

fracture ratio (RO was defined and

expressed by a following equation.

Rf = Nf / N O (1)

Here Nf and Nowere numbers of

fractured and total samples examined

Multi Electro_ Vacuum

Ti Foil window(_ y Chamber

.,   Lo.e
_rIn N2 Ras _'_gnmp_ ,_

_0) Convcvc r "(0)'_

Figure 1. Schematic drawing

of the apparatus.

for a given fracture stress (6f), respectively. The fracture ratio (Rf) increased with

increasing fracture stress (cyf) (see Figure 2). Midpoint (Rf--0.5) of fracture stress was

4300 MPa for carbon fiber before EB treatment.

To enhance the fracture stress, a recovery treatment of fracture origins has been developed for

carbon fiber by using sheet electron beam irradiation. Its high electrical potential (170 kV) was

probably used to dull the edge of sharp crack tips and to relax the stress concentration. Figm, _ 2
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showschangeintheRfagainstfracturestressonthetensiletestofthecarbonfibersampleswith
andwithoutEBirradiation.

TheEBirradiationenhancedthefracturestress(_rf)atdifferentRfvalues.Namely,itenlarges
thefracturetoughnessforcarbonfiber. WhentheEBtreatmentof42.3Mradisperformed,
thetensilestrengthofcarbonfiberwasimproved.Namely,EBirradiationincreasedthetensile
strengthof fracture.TheEBirradiationof 17.3Mradenhancedthemidpoint(Rf--0.5)of
fracturestressupto4800MPa.Midpoint(Rf--0.5)offracturestresswas5500MPaforthe
sampletreatedbyEBirradiationof42.3Mrad.TheEBtreatmentof42.3Mradenhancesthe
fracturestress,whichisabout2000MPalargerthanthatbeforeEBtreatment.

2.FractureprobabilitwWeibullcoefficientanddesignstressforairplane
The fracture probability (P)dependson risk of rupture (_f/_o)and is

expressedbya followingequation[9].
P= 1- exp [-{_f/{_o In] (2)

(Jfis experimentally obtained fracture stress. When P is equal to 1.0, an ideal fracture stress

((3o) can be obtained. By using Median Rank method broadly applied (Ref.10), integrated

fracture probability (P) is expressed by a following equation.

P = (I- 0.3)/(n + 0.4) (3)

Here, n and I are total sample number and fractured order of each sample, respectively. A

Weibull coefficient (m) indicated statistic distribution of fracture stress. Linear regression curve

as shown in Ggi,_ce _ can be obtained of carbon fiber samples before and after EB irradiation.

Fracture stress of the carbon fiber samples were distributed from 2000 MPa to 6000 MPa. Thus,

Weibull modulus of the carbon fiber was about 3.2. The irradiation enhanced the Weibull

modulus, as shown in l_igt_re 5. The EB irradiation of 17.3 Mrad largely enhanced the modulus.

Since the EB irradiation of high electrical potential (170 kV) probably migrate carbon atoms in

a carbon fiber, such carbon atom migration probably reconnected the separated crystal planes

near the crack tips [5]. Therefore, we concluded that the EB irradiation decreased the statistics

distribution of fracture toughness.

In order to design the aircraft, a design tensile strength at 105 of integrated fracture

probability (P) is important factor. When integrated fracture probability (P) was 105 and 103 for

carbon fiber before EB treatment, the design stresses were 1000 MPa and 1900 MPa (see Fig.5)

respectively. The EB irradiation of 17.3 Mrad enhanced the design tensile strength (2000 MPa

at P=105, 3000 MPa at P=103). The design tensile strength were 3000 MPa at 105 of P and 4000

MPa at 103 of P for samples treated by EB irradiation of 42.3 Mrad. The EB treatment of 42.3

Mrad enhances the design tensile strength, which is approximately 2000 MPa larger than that

before EB treatment.
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3.Discussion for fracture stress enhancement by EB treatment of carbon fiber.

Figure 6 shows X-ray diffraction patterns before and after EB irradiation. The amorphous

structure can be confirmed before and after EB irradiation.

The large structure change cannot be observed. However large shape change of stress-strain

(o-o) curves for carbon fiber samples before and after EB irradiation had been observed, as

shown in Figure 7. The do/do value was above 1.0 of carbon fiber sample before EB irradiation.

The curve shape was looks like metallic amorphous. On he other hand, the do/do value was

below 1.0 of carbon fiber sample after EB irradiation. The curve shape was looks like metallic

crystal. Amorphous materials were used to involve free volume [4]. If the free volume

decreased in carbon fiber, the density of dangling bonds should decrease.

10 20 30

, QfiE(deg)

2500 _, ,_ ,_ a . _,

• befo_e_a_a_onI g"
• 4.36Mrad

2000 -- _//_

/.. /
 000 f

50

. ,

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Strain a

Figure 6. X ray diffraction patterns of
carbon fiber samples.

Figure 7. Stress - strain curve
of carbon fiber samples with
and without EB irradiation.

If the EB treatment forcibly diffuses carbon atoms into free volume and incoherent interface

because of high electrical potential (170 kV), Such carbon atom migration probably decreased

the dangling bonds, dulled the edge of sharp crack tips and probably reconnected the separated

crystal planes near the crack tips. In order to evaluate the inter-atomic bonding density, density

of dangling bonds (DDB:mol 1) is obtained by dangling bond signals of graphite, which can be

detected by means of electron spin resonance (ESR) spectrometer [5]. Here the microwave

frequency range used in the ESR analysis was the X-band. The field modulation was 100 kHz.

Spin density was calculated using a Mn 2+ standard sample. The EB irradiation decreased the

density of dangling bond (spin) [5]. Namely, the EB treatment forcibly diffused carbon atoms

to free volume and incoherent interface. Since the inter-atomic bonding density increased in

carbon fiber, the EB treatment improved the tensile strength on fracture.
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4. EB treatment application for C/C composite
15000

In order to apply carbon-carbon

composite, C/C composite coil spring
L

(50 mm in diameter, 30 mm in height) "_10oo0

was treated by the sheet electron

beam treatment. When the compressive _, 5ooo

test was performed below 1500 N/m 2, "_

the 40Mrad EB treatment enhances the _,

spring elasticity, as shown in Figure 8.

The spring compressive elasticity for

the treated sample is 170% larger than

that for untreated sample.

C/C composite coil spring

--l-- 0Mrad T /

-0-- 40Mradl/[ /

• lO /

0.00 0.06 0.12

compressive strain

Figure 8. Compressive stress -
strain curve of carbon-carbon

composite spring samples with
and without EB irradiation.

CONCLUSION

A recovery treatment of fracture origins has been developed for carbon fiber by using sheet

electron beam irradiation. When the EB treatment is performed, the tensile strength of carbon

fiber was improved. The EB irradiation of 17.3 Mrad largely enhanced Weibull modulus. It

shows that the EB irradiation decreased the statistics distribution of fracture toughness. The EB

treatment of 42.3 Mrad enhances the design tensile strength, which is approximately 2000 MPa

larger than that before EB treatment.
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ABSTRACT

The discovery of lower dimensional forms of Carbon with unique mechanical and electronic properties has

generated new possibilities in many areas of technology especially in nanotechnology. Recent emergence of some

nanoscale device applications show how this potential is turning into a reality. Over the years, we have employed

various levels of theory to study the structure and properties of carbon based materials for nanoscale applications.

In this paper, we present two new theoretical studies. We present a study on the transition metal catalyzed growth of

single wall carbon nanotubes. In the second study, we investigate the relation between mechanical deformation and

excess charge in order to understand how introducing and controlling the charge at various locations might modify

the mechanical and acoustical properties of carbon nanotubes. We demonstrate that introducing excess charges into

single wall carbon nanotubes can lead mechanical deformations that do mechanical work. The results suggest a wide

range for practical applications, such as NEMS, acoustic sensors and nanoactuators.

INTRODUCTION

The peculiar chemistry of carbon results in diverse forms of structure: the 3-dimensional network of diamond and

the 2- dimensional sheets of graphite have been known through the ages. The discovery of lower dimensional forms

of Carbon with unique mechanical and electronic properties has generated new possibilities in many areas of

technology especially in nanotechnology. Recent emergence of some nanoscale device applications show how this

potential is turning into a reality.

Over the years, we have been using ab initio quantum chemistry, density functional theory and molecular

dynamics methods to study the structure and properties of carbon based materials for nanoscale applications. The

applications such as; a) Structural and mechanical properties of nanotubes, (refs 1-3); b) Tribological properties of

carbon for NEMS applications (ref 4); c) Thermal transport properties of nanotubes and carbon based hetero-

structures (refs 5-6), and d) Formation of fullerenes, (ref7) have appeared elsewhere.

In this paper, we will present two new theoretical studies. Over the past several years a large number of synthetic

procedures for the production of Carbon nanotubes have been developed. Since the electronic properties of carbon

nanotubes depend on structure the control of growth is essential. Theoretical studies of growth mechanisms may

shed some light on how to control the growth. We first present a study on the transition metal catalyzed growth of

single wall carbon nanotubes. In the second application, we investigate the relation between mechanical deformation

and excess charge in order to understand how introducing and controlling the charge at various locations might

modify the mechanical and acoustical properties of carbon nanotubes. We demonstrate that introducing excess

charges into single wall carbon nanotubes can lead mechanical deformations that do mechanical work. The results

suggest a wide range for practical applications, such as NEMS, acoustic sensors and nanoactuators.

MECHANISM OF TRANSITION METAL CATALYZED GROWTH OF SINGLE-WALL CARBON NANOTUBE

Introduction

Single-wall carbon nanotubes have been produced in the outflow of a carbon arc discharged method (ref 8) and

in even with higher yield by the laser vaporization technique (refs 9-12) and more recently through chemical vapor

deposition (ref 13). The transition metal catalysts such as Ni and Co are known to play important role in all of these

methods. In the laser vaporization assisted growth, the concentration of metal catalyst in the graphite is very low (<

1%). The high temperatures in the experiment suggest that the catalyst may affect the growth as single atoms.
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In1997,Leeetalproposedagrowthmechanism(ref14).Inthismechanism,themobileNicatalystatomsare
absorbedatthegrowthedgeofSWCNwheretheypreventtheformationofcarbonpentagonsandcatalysis
continuesthroughformationofcarbonhexagons.However,Froudakis'groupprovidedanothermechanism(ref.15):
Niatomsdon'tattachtotheedgeofthegrowthfont.It actuallyfirstcreatesandstabilizesthedefectsinnanotube
andthentheincomingcarbonatomsannealtheNi-stabilizeddefectsbyfreeingtheNiatombacktothecatalytic
cycle.Thesetwomechanismsarecontradicting.Besidesthisapparentcontradiction,therestillaresomeunsolved
problemsthatneedtobeaddressed.First,inthegrowth,whatisthedifferenceinthegrowthmechanismswithor
withoutmetal?Second,cantheexistingmechanismsexplainwhyametalworks,whileanothermetaldoesnotwork?
Third,whatisthedeterminingstepinametalcatalyzedgrowthofcarbonnanotube?Fourth,where,attheedgeoron
thewall,doesthemetalatomlocateduringthegrowth?

Theoreticalmodel
Here,wepresentresultsofadetailedtheoreticalstudyofthedynamicalinteractionbetweentheNi,Co,Ptand

CucatalystsandSWCNwithaviewtowardsanunderstandingofthenanotubegrowthmechanismandadetailed
discussionontheunresolvedproblemabove.Ourcalculationsarebasedonfirstprinciple- densityfunctional
theory,asimplementedintheJaguarcode,foratubefragmentwithametalatomattached.TheB3LYPareusedto
describeexchangeandcorrelation.Westartwitha(10,10)nanotube.Thestudiedfragmentiscutfroma(10,10)
nanotubestructureandfixingtheedgeatoms(whichareneutralizedbyH atom)to keepthecurvatureofthe
structure.

Resultanddiscussion
Firstquestiontoaddressiswhethertheroleofthemetalcatalystisanecessaryprerequisitefortheformationof

single-wallnanotubes.Inordertounderstandthisissue,themechanismofterminationofnanotubeinabsenceof
metalatomsisundertaken.InFigure1,wecanseethetwopathwayswhilecarbonatomsgrowontheedgeof
nanotube.Onepathwayistoformadefectwithtwohexagonsandtwopentagonscalled6,6,5,5defect,consequently,
aftermoreandmoredefectsareformed,thetipofnanotubeisclosed.Anotherpathwayisthatthesetwopentagons
rearrangetoformtwohexagonsandthenthegrowthwillproceed.Theresultsshowthatforpathway1theenergy
willdropdownby81.9kcal/moleandforpathway2theenergywillgodownby51.7kcal/mole.Thelargeenergy
differencebetweenthesetwopathwaysallowsustobelievethatintheabsenceofmetalatomsthegrowthwillbe
terminatedimmediately.ThisisinfavorofFroudakis'mechanism:Themetalmustattachontheedgeofthenanotube
growthfrontandpreventsthedefectformation.

Second,wediscussthedetailedcatalyticmechanismwithcatalystatomstoavoidthedefectformation.First,we
explorewhethertheNiatomaffectsthegrowth.OurcalculationsshowthatNiatomneitherdestroysthepentagonto
formhexagonnorstabilizesthehexagonring,becausebothareenergeticallyunfavorable.Fortheformercase,we
startedthesimulationbyinsertingtheNi atomintoapentagontoformhexagon.Thisprocedureisenergetically
unfavorable,whichrequiredenergyof12.4kcal/mole.ThismeansthatNiatompreferstositabovethepentagonring
withoutbreakit. Forthelatercase,thecalculationsindicatethearrangementtobeenergeticallyfavorablewithan
energygainof27.2kcal/molewithoutNi catalystandwithanenergygainof24.6kcal/molewithNi catalyst.The
outcomeofthiscalculationshowsthatthearrangementisnotbenefitedfromNimetalatomsinvolveattheadjacent
site.Theseresultsarein linewithLee'smechanismbyconcludingthatNi atomsdon'tpreventthepentagon
formationorassisttheassemblyofcarbonhexagonsatthegrowingedge.

Basedonthis,weprovideanewmechanismshowninFigure2.It saysthatNi atomsblocktheadjacentsitesof
pentagontopreventthedefectformation.Niatomcanannealtheexisteddefects.Figure2ashowsthatwhencarbon
atomscomein,Ni atomsblockbothadjacentsitesoftheothersitessothatpentagoncarbonringjustisableto
rearrangeashexagonringthatisenergeticallyfavorable,i.e,it reduces24.60kcal/mole.Figure2bindicatehowaNi
atomannealsthedefect.AfterNiatomattachestheedgeofthenanotubegrowthfont,it willrearrangewithcarbon
ringsintoseveralpossiblestructures:structure1-5 inFigure2b.Forgrowth,thestructure(1)and(3)(4)arenot
helpfulforannealingdefectbecausethepentagonsinthestructurearenotdestroyed.At theotherhand,structure
(2)and(5)aregoodforannealdefects.Wecomparetheenergiesofthesestructuresanddeterminewhichstructure
thereactionpathistrapped.ForNi metalatoms,structure(2)is themoststableonethatwillleadtoanannealing
pathway.Therefore,ourmechanismsuccessfullyexplainstheNicatalysteffectofnanotubegrowth.

WealsostudythecatalysiseffectofothermetalssuchasCo,PtandCu.Inthetable1,wegiveasummaryof
thesemetals.Basedonourcalculationresults,it showsthatCodoeswork,PtandCudon'twork,whichisingood
agreementwiththeexperiments.
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Conclusion
Basedonfirstprinciplecalculation,westudythemicroscopicmechanismofsingle-wallcarbonnanotubes

growthbyusingthelaservapordepositiontechnology.Byarguingthepreviousmechanism,weprovideanewone
here.Itsaysthatmetalcatalystsatomabsorbedatthegrowthedgewillblocktheadjacentgrowthsiteofpentagon
andthusavoidtheformationofdefect.Metalcatalystscanalsoannealtheexisteddefects.Additionally,our
resultsshowthatthenanotubegrowthwillterminateintheabsenceofmetalcatalystsandalsoexplainwhyPtand
Cuarenotgoodcatalysts.

Table 1 Relative energies (kcal/mole) of various metal cluster structures in figure 2b

(1) bad for annealin_

(2) Rood for annealin_

(3) bad for annealin_

(4) bad for annealin_

(5) good for annealing

Ni Co Pt Cu

-19.65 -1.11 -- -27.34

-24.24 -14.34 22.82 -17.00

-9.55 2.25 41.11 -15.30

0.0 0.0 0.0 0.0

-5.66 9.8 2.13 -7.26

Figure 1. The nanotube grows at the absence of metal catalysts. Pathway (a) is closure pathway; Pathway (b) is

continue growth pathway. The colorful carbon atoms are our cluster model.

AE -24.60 kcal/mole

Figure 2a. The Ni atoms block adj acent site of pentagon to avoid the defect formation. The darker atoms are Ni
atoms.
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Figure2b. Metal Ni catalysts can anneal the formed defect. The darker atoms are Ni atoms.

CHARGE EFFECTS ON MECHANICAL PROPERTIES OF CARBON NANOSTRUCTURES

Introduction

Over the past decade both theory and experiments have shown that carbon nanotubes have both unique

electronic properties (e.g. it may be semiconducting or metalic depending on the charality) and extreme mechanical

strength (e.g. tensile modulus ~1000 GPa). Consequently, there is considerable interest in designing and

manufacturing functional devices and novel composite materials based on carbon nanotubes. In particular we

consider here how introducing and controlling charges might modify the mechanical properties of carbon structures.

The smaller nanostructures are moderate size molecules. To understand the systematic behavior of carbon

nanotube's electronic and mechanical coupling, we started with the smallest molecule that resembled carbon

nanotube structure, i.e. benzene. While the expansion of benzene molecule approaches the limit of graphene

structure, we believed that the electro-mechanical coupling in graphene is in close resemblance to that in carbon
nanotube. We will see this behavior later in our calculations.

Results and Discussion

Staring from benzene, we investigated naphthelene, pyrene, coronene, intercalated graphite, and single walled

carbon nanotubes. Based on group theory, we know that the two HOMOs and two LUMOs of benzene are

degenerate. In each PI MO, we can characterize the bonding between atoms by looking at the phase of their _p

orbital. When the two adjacent orbitals have opposite phase, an anti-bonding dominates the interaction between

them in that specific MO. On the contrary, the same phase orbital generates bonding forces. Consequently, an

electron in anti-bonding form will elongate the distance between two adjacent atoms, while an electron in bonding

form will shrink the distance. The picture in the presentation clearly shows the structural change with respect to

charging into different MOs. In larger molecules such as pyrene and coronene, we also observed the similar behavior.

A similar system at large spatial scale is intercalated graphite. The quantum calculations for periodic systems were

carried out using CASTEP. When positive charges are injected into the graphite crystal, the graphite sheets tend to

shrink. On the other hand, negative charges make the graphite to expand. The structural deformation is mainly caused

by the change in electronic structure rather than Coulomb interaction. In other words due to the filling of electrons in

anti-bonding/conduction band or holes in bonding/valence band. Coulomb force is independent of charge signs. In

addition, Coulomb interaction depends on charges in the quadratic order. For the intercalated graphite, we also found

that AA stacking structure is more stable than AB stacking in agreement with experimental observations.

Similar to intercalated graphite, carbon nanotubes also exhibit charge induced structural deformations. For single

walled carbon nanotube, we chose (5,5) tube as an example. Although it has very small size, we believe that the

results can demonstrate the essence of electro-mechanical coupling. The simulation cell consisted of two layers of
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(5,5)unitcell.Eitherelectronsorholesarefilledintocorrespondingbands,andauniformbackgroundchargeisused
toneutralizethetotalsimulationbox.Fromourcalculations,wealsofoundthatpositivechargetendstoshrink
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Figure 3. Deformation as a function of charge transfer: Left deformation in the tube direction, Right
deformation in the lateral directions.

the tube and the tube tends to expand under negative charging. The reason is very similar to intercalated graphite.

The charge injected into valence or conduction band caused the electronic structure to shift, and this shift is charge

sign dependent. Intuitively, it can be viewed as new electronic structure under screened nuclear cores. In addition to

the deformation along tube axis, we also saw the change in cell length in nanotube bundles. Although LDA usually

does not give accurate results for nonbond interactions such as van de Waals forces, we think that the change in the

lateral directions is mainly caused by the Coulomb forces. As it can be seen in electrostatic potential map, the inter

tube space is mainly electronegative. When a charge variation is introduced, the inter-tube repulsion due to charge

variations in positive core is on the second order, and the first order interaction is between the charge variation and

the electrostatic potential. Therefore, the bundle size also shrinks or expands due to different type of charges.

Figure 4. Electron density map

In summary, we find that introducing excess charges into nanotubes can lead to mechanical deformations that do

mechanical work in agreement with experiments by Baughman et. al. (ref 16). These results suggest a wide range of

practical implications, including the design ofnano-electronic-mechanical systems (NEMS) and nano-actuators.
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ABSTRACT

In recent years, following the discovery of the C_0 "buckybalt", a plethora of nanostructures attracted rite

attention o[ carbon scientists: Examples of these intriguing systems are other fullerenes, onions, nanotubes, and
hybrid structures such as peapods. Whereas most of these sp 2bonded structures are known to grow from carbon
vapor under extreme conditions, structures like multi-wall nanocapsules may form by activated bond rearrangement
from ultra-disperse diamond ill or higttly defective graphitic structures.

I will show how macroscopic concepts from elasticity theo_ translate down to the nanometer scale, where they
provide quantitative predictions for the relative stability, of nanotubes, scrotIs, fulIerenes, and peapods. With the help
of ab in,tie calculations, it is now possible to study the formation and inter-conversion mechanism ef other carbon

aanostructures. Molecular dynamics simulations (see _vw___e&i/cmp_sc/mid the figure below) provide
intriguing insights into the formation mechanism of pcapods [2] mtd rite tmexpected structural stabilily of entangled
nanotube "hooks", reminiscent of the velcr_ bond.

[1] Yot,ng-K)_an Kwon, David ToIr&nek, and Sumio lijima, "Bucky-Shuttte" Memot3" Device: Synthetic Approach
and Molecular Dynamics Simulations, Phys. Rev. Lett. 82, t470 (1999).

[2] Savas Berber, Young-Kyun Kwon, and David Tom_iek, Nano-gulf: Putting a C6o imo a Nanotnbe (submitted tbr
publication).

c-.,./:<:.;-:-:i_:..:-:;_;_-: _
y .,..,,¢ .:y,?;_:_

Figure: Visualization of a possible end-on encapsulaaon process qJ'a Ceofid!erer_e m a (10,t0) carbo__ ncmotube
(see also _.t_/_._._>v. .2a_e_._s.u..:_e...d.._/._._.n._p'!c._/s.i..m._p2d _1e#/_.

Keywvrds: nzmetubes, fullerenes, energy, tbrmation

NASA/CP--2001-210948 793 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

Growth of Carbon Nanotubes on Patterned Catalysts: Towards a Carbon
Nanotechnology

G A. J. Amaratunga, M ChhowaUa, K. Teo, C. Ducati, I. Alexandrou, N. L.

Rupesinghe, A. Ferrari, W. I. Milne and J. Roberstson, Engineering Dept.,
D. Roy and T. W. Clyne, Dept. of Materials Science,

D. Hasko, Microelectronics Research Centre, Cavendish Laboratory,
Cambridge University, Cambridge CB2 1PZ, UK.

A. J. Papworth and C. J Kiely, Engineering Dept., Materials Science and Engineering,
University of Liverpool, Liverpool L69 3BX, UK.

It is now 10 years since the TEM observations of Ijima which gave rise to the radical
re-examination of graphitic carbon behaviour on the nanometer scale. The scientific
understanding of the expected ( and observed) mechanical and electronic behaviour of
carbon nanombes gained over the last decade points to it being a near ideal system for
nanoscale mechanical and electronic devices. This in turn has inspired may groups

world wide to attempt to develop a technology which will allow the properties of
carbon nanotubes to be exploited.

The highest quality nanotubes available at present are the single wall type produced
through laser ablation. From a technological perspective they are , however, not
optimal as it is necessary to purify them in solution, and then assemble them into

desired structures. The latter has proved to be a non-trivial task.

The alternative approach is to use a chemical vapour deposition (CVD) process to
grow where they are required for the fmal device structure. This process has been
approached on the basis of the controlled and defined placement of the catalyst on a
substrate. However, the quality of CNTs and their orientation have been difficult to

control in the CVD process.

Here we report our latest results which show that the CVD process with plasma
enhancement can be used to grow oriented nanotubes with very high definition and
selectivity over large areas. The methods of catalyst control required to achieve this
are discussed. The quality of the carbon nanotubes can also be controlled to some

extent. In fact we show evidence for the possibility of synthesising single wall carbon
nanotubes by the CVD method. We also show the differences in the catalytic process
under plasma conditions which lead to the alignment of CNTs. Taken together, the
results show that the initial steps required for the development of a technology for
electronic and mechanical devices exploiting the properties of CNTs are now in place.

NASA/CP--2001-210948 794 August 6, 2001



Proceedings of the Sixth Applied Diamond Conference/Second

Frontier Carbon Technology Joint Conference (ADC/FCT 2001)

Y. Tzeng, K. Miyoshi, M. Yoshikawa, M. Murakawa, Y. Koga,

K. Kobashi, G.A.J. Amaratunga (Editors)

Surface decomposition mechanisms on SiC (0001)

M. Kusunoki °, T. Suzuki, T. Hirayama and N. Shibata

Japan Fine Ceramics Center FCT Central Research Department, Atsuta, Nagoya, Japan

E-mail:kusunoki@j fcc.or.jp

ABSTRACT

Decomposed structures of SiC will be shown between the Si(0001)-face and the

C(000-1)-face after heating at 1700°C for a half hour in a vacuum. On the C-fac e an

aligned carbon nanotube film was self-organized perpendicular to the surface. On the

contrary, a layer of very thin graphite sheets parallel to the surface was formed on the

Si-face. Decomposition mechanisms on both faces are proposed from high-resolution

electron microscopy (HREM) results.

Keywords: decomposition, SiC, carbon nanotube, alignment, TEM

INTRODUCTION

Silicon carbide (SIC) is one of the most promising materials for engineering applications because of its

attractive properties. It has wide band gaps, excellent mechanical properties and chemical stability, and

exhibits poly typism (ref.1) Therefore, it is expected to be used for high-power and high-temperature

semiconductor devices. The surface structures or the surface reconstruction have been investigated

intensively by scanning tunneling microscopy (STM) (ref.2 to 4) and low-energy electron diffraction (LEED)

(ref.2 and 5). These experiments have shown that by increasing the heating temperature above 1000°C,

surfaces of SiC are covered with carbon-rich structures such as 6_/3 x 6_/3, 30°(ref.2,3 and 5) or 6 x 6 (ref.4

and 5). This phenomenon has been confirmed by the selective desorption of Si atoms by annealing SiC in a

vacuum.

Hexagonal (x-SiC is a zinc blend type material with a polar [0001] axis, in which the ideal (0001) and

(000-1) surfaces are terminated by a layer of Si and that of C atoms respectively. Van Bommel et al.(ref. 2)

investigated the difference of surface decomposed structures on both Si- and C-faces by heating up to 1500°C.

They examined LEED patterns and Auger electron spectra (AES) obtained from each face, then concluded

that a monocrystalline graphite layer and a polycrystalline graphite layer formed on the Si-face and C-face,

respectively.

Recently, the authors discovered an aligned carbon nanotube film being self-organized by surface

decomposition of SiC by TEM in-situ observations (ref.6). Additionally, it was shown by using HREM and

electron energy-loss spectroscopy (EELS)that the surface decomposition progressed as residual oxygen gas

produced an oxidation reaction (ref.7 and 8).

In this paper, it will be clarified that the decomposed structures on the Si-face and the C-face are different,

and they will be explained by the different oxidation mechanisms on the respective faces from cross-sectional

HREM results.
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EXPERIMENTAL PROCEDURE

Commercial single crystal wafers of 6H-SiC with the polished Si-face and those with the polished C-face

(CREE Research, Inc.) were cut to the size of 1.0 x 4.0 x 0.2 mm. The wafers with the C-face were heated at

1200, 1250, 1300 and 1700°C for 0.5 h, and those with the Si-face at 1350 and 1700°C for 0.5 h in a vacuum

furnace (lxl0 -4 Torr) with an electric resistance carbon heater. These specimens were carefully thinned by

dimpling and ion bombardment for HREM observation of the cross section using a Topcon 002B TEM

operated at 200 kV.

RESULTS AND DISCUSSION

Figures l(a) and (b) show images and the diffraction patterns obtained from the Si-face and the C-face of

SiC single-crystal wafers heated to 1700°C for 0.5 h. On the C-face, aligned carbon nanotubes 3-5 nm in

Figure 1. Micrographs and the diffraction patterns of the surface of SiC single-crystal

wafers heated to 1700°C for 0.5 h, on (a) the C(0001)-face and (b)the Si(0001)-face.
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diameterand0.25_minlengthwereformedperpendiculartothesurface,asshowninFig.l(a) (ref.7and
8).Onthecontrary,in thecaseof theSi-face,seventeengraphitesheets,5 nmin thickness,wereformed
paralleltotheSi-faceasshowninFig.l(b).The0002latticedistancesofthegraphitewere0.353nmand
0.343nmontheC-faceandontheSi-facerespectively•ThecarbonlayerformedontheC-faceisalmost50
timesthickerthantheoneontheSi-face.Thedifferencesintherespectivefacesregardingthicknessandin
thestructuresofcarbonlayersareremarkable,neverthelessbothbulkstructuresarecommon•Thedifference
inthethicknessofdecomposedlayersontherespectivefaceshasalreadybeenreportedfromtheresultsof
ellipsometricmeasurements(ref.9)andAESresults(ref.2).AnumberofresearchersdealingwithSiCsingle
crystalshaveshownthatheatingSiCgavearoughersurfaceontheC-facethanontheSi-face.However,the
causeofit hasnotbeenexplained•

• *.- %% _.. -/' • • • • _._ -,Jr.,. • %- _. J.,,. o: .... .o..°..,.ol,,_.., o,. • • _ °_,

..................... ____;;;;;;;;;;_;_
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Figure 2. HREM images showing surfaces of the C-face heated at (a) 1250°C and

(b)1300°C for 0.5 h.

Figure 3. A HREM image showing the surface of the Si-face heated at 1350°C for 0.5 h.
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Cross-sectional HREM of decomposed surfaces on the initial stage was carried out to investigate the

mechanism of the surface decomposition on both the Si-face and the C-face. Figures 2(a) and (b) show

micrographs of surfaces of the C-face heated at 1250°C and 1300°C for 0.5 h, respectively. The amorphous

contrasts on the upper side of each micrograph in Fig. 2 and in Fig. 3 are due to the glue used during the

specimen preparation. The glue played an important role in protecting the carbon structures from the ion

bombardment, though the amorphous contrast strongly influences the weak contrasts of carbon structures at

the initial stage.

At 1250°C, 4 layers of slightly arced graphite sheets of 5 nm in diameter and 1-2 nm in height could be

found dispersed on the C-face as shown by arrows in Fig. 2(a). This corresponds to the initial stage of the

decomposition of the C-face. Furthermore, when it was heated to 1300°C, 2-3 layered carbon nanocaps

3-5nm in diameter and 3-5 nm in height were generated densely over the surface as shown in Fig. 2(b). Here,

cross-sectional HREM was used to clarify an atomically uneven-surface structure of the C-face, which has

not been easy to detect by STM.

When the Si-face was heated to 1350°C for 0.5 h, only two graphite sheets were observed on the surface, as

shown by arrows in Fig. 3. The graphite sheets were observed flat and parallel to the surface for every

location.

From these experimental results, the decomposition processes of the Si- and C-faces can be expressed as

follows: On the Si-face, a mono-atomic layer of graphite formed epitaxially, and the layers grow as graphite

(0001)//6H-SiC(0001). Two- and three-layer collapse mechanisms (ref. 2 and 10) were proposed to explain

the orientation and the carbon density of the graphite layers formed by the surface decomposition of SiC. The

carbon density of the three condensed layers, 3.67x1015 atoms cm -2, is also close to the carbon density of a

graphite layer 3.80x1015 atoms cm -2 (ref. 2). This mechanism somehow explains the formation of the

monocrystalline graphite layer parallel to the surface seen on the Si-face. However, it is difficult to explain

the distinctive differences between the faces.

On the C-face, carbon islands would be nucleated at impurity atoms or some faults on the surface, and

grow up into the particles of about 5 nm in size. Here, two types of carbon islands can be considered, such as

spherical particles of amorphous carbon and graphite fragments. The spherical carbon particles would be

graphitized from the surface. Whereas, the two to five layered topotaxial graphite fragments would be

generated at the steps of the SiC surface. Since g-electronic state at the edges of the nano-scale graphite

sheets is considered to be active, the edge of the graphite tends to curve to connect with the carbon atoms on

the surface. Furthermore, SiO gas molecules would be continuously generated at the boundary between SiC

and the graphite clusters. As a result, carbon nanocaps (ref. 8) should be finally formed. The diameter of the

nanocaps would depend on the SiC decomposing rate, the surface diffusion coefficient of carbon, the

cohesive energy of carbon at the decomposing temperature, and the flatness of the SiC surface.

The difference in thickness of the carbon layers on the respective faces is also noteworthy, nevertheless

both of the bulk structures are identical. The difference in thickness of the decomposed layers has also been

reported from the results of ellipsometric measurements (ref. 9) and AES results (ref. 2). However, its cause

has not yet been elucidated. As explained in the present model, the dense graphite sheet grows one by one

parallel to the surface in the case of the Si-face, which would protect the inner side of the Si layer from the

oxidation process. In the case of the C-face, carbon nanocaps form from the initial stage of the decomposition
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andthealignedCNTsgrowperpendiculartothesurface,whichallowstheoxygenatomstomigrateeasilyto
theSiCsurfacethroughthedecomposedcarbonlayer.Thesestructuraldifferencesfromtheinitialstage
mightbeoneoftheoriginsforthedifferenceofcarbon-layerthicknessbetweenthebothfaces.

Insummary,it wasclarifiedthataCNTfilmwillorganizeonlyontheC(000-1)faceofSiC,andnotonthe
Si(0001)-face,bythesurfacedecompositionoftheSiCcrystal.Additionally,weshowedthatCNTscouldnot
growwithouttheformationofnanocapsduringtheinitialstageof thegrowthprocessbycomparingthe
differenceofthestartingdecompositionmechanismsbetweentheSi-andC-facesofSiC.Thisinitial-nanocap
mechanismmightbesignificantforelucidatingoneofthepreviouslyreportedCNTsynthesismethods.

Thissurfacedecompositionmethodhaspotentialforuseinnewcarbondesigning,utilizingeachsurface
structureofmetalcarbides.
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ABSTRACT

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have been synthesized by heating a polycrystalline SiC
substrate in a vacuum (10 2Torr) at 1000 - 1200 °C for 1 hr. The present work utilizes metal catalysts, such as Au, Pt,
Fe, Ni, Co, Pd, Rh, and PtPd, in order to lower the heating temperature. As a result, CNTs and CNFs have grown at
1200 °C in the case of Pt, Ni, Co, Rh, PtPd, while CNT growth requires the heating temperature of over 1500 °C
without a catalyst. Especially in the case of the PtPd catalyst, CNTs and CNFs have grown at 1100 °C. The

synthesized CNTs or CNFs indicate a diameter from 2 to 300 nm and a length of 100 nm - 10 gin. In addition, most
of CNTs and CNFs include, at the tip of them, a particle with a similar diameter to those of them, which is thought to
be the metal catalyst or its carbide.

Keywords: carbon nanotube, carbon nanofiber, sublimating decomposition, silicon carbide, catalysts

INTRODUCTION

Since the first observation of carbon nanotubes (CNTs) in deposition on the carbon cathode electrode used in an
arc-discharge evaporation method (ref. 1), various CNT growth techniques have been developed, such as carbon arc-
discharge (ref. 2), laser ablation (ref. 3), chemical vapor deposition (CVD) (ref. 4), and so forth. Arc-discharge and

laser ablation methods involve the condensation of carbon atoms generated fi'om evaporation of solid carbon sources.
CVD method involves the dissociation of hydrocarbon gas catalyzed by transition metal, and dissolution and
saturation of carbon atoms in the metal particle. It is considered that CNTs grow fi'om the carbon saturated metal
catalyst.

As another approach to CNT formation different fi'om these methods in growth mechanism, Kusunoki et al. (refs.
5 to 7) have synthesized CNTs by sublimating decomposition of SiC. They have used single crystalline c_-SiC (0001)
wafers for the substrates and heated them by laser (ref. 5) or by an electric furnace (ref. 6) in a vacuum (10 4 Torr) at

1500 - 1700 °C without a catalyst. In this case, Si atoms are removed fi'om the SiC substrate by active oxidation, and
CNTs grow perpendicularly to the SiC (0001) surface, eroding the subsU'ate downward. In this manner, a self-
organized aligned CNT film is formed (ref. 7).

SiC is the only known, naturally stable, IV-IV compound semiconductor. SiC has been of particular interest due
to the fact that it is an important material for devices designed to operate at high temperature, high power, high
fi'equency, and in harsh environment (ref. 8). Actually, various prototype SiC devices have been fabricated using
planar process technology. On the other hand, CNTs are unique nanostructures with remarkable electronic and
mechanical properties, which are promises for practical applications (ref. 9). With this respect, the combination of
SiC and CNTs may bear unique applications. Thus the further investigations of CNTs on a SiC substrate are required.

We have utilized metal catalysts, such as Au, Pt, Fe, Ni, Co, Pd, Rh, and PtPd, to lower the heating temperature.

Polycrystalline c_-and 13-SICdisks have been used for the substrates since the aim of this study is to lower the
heating temperature, not to form aligned CNT films. As a result, the heating temperature is reduced to 1100 °C using
the PtPd catalyst.
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EXPERIMENTAL

Thestartingsubstrateispolycrystallinec_-and13-SICdisks.Commerciallyavailablec_-and13-SICpowders,
rangingfrom0.1to2gminsize,werecompressedunderapressureof500 kgw/cm 2 to form a bulk specimen. Then

it was sintered at 1650 °C for 20 min in a N2 atmosphere of 300 Torr to obtain a reasonable hard sample. The
sintered sample was cut into small disks of 6 x 3 x 1 mm in size. The SiC disk was coated with a metal catalyst using
vacuum evaporation or sputtering. Au, Pt, Fe, Ni, Co, Pd, Rh, and PtPd (Pd:20 wt. %) were used as the catalyst. The
nominal coating thickness was 100 nm. The metal-coated substrates were annealed in a vacuum electric furnace
illustrated in Fig. 1 at 1000 - 1200 °C for 1 hr with a base pressure of 10 2 Torr. The heating rate from room
temperature until the setting temperature (1000 - 1200 °C) is 6 - 8 °C/min. The heating (substrate) temperature was
monitored with a thermocouple contacted with the dummy SiC substrate. After the annealing, the surface of the
substrate was observed by a Hitachi S-5000 scanning electron microscope (SEM) and a JOEL JEM-2000SX II
transmission electron microscope (TEM).

Quartz tube Diaphragm manometer
Electric furnace

vaouum, 
pump

Quartz boat Thermocouple

i  eaterIcontroller

Fig. 1 Experimental setup.

RESULTS AND DISCUSSION

Figure 2 shows SEM images of a polycrystalline SiC substrate before the metal coating (Fig. 2 (a)) and after

the PtPd coating by sputtering (Fig. 2 (b)). The SiC grain size ranges from 0.1 to 2 gin, and each SiC particle is

covered with the PtPd catalyst after the coating. The situation is almost the same in the case of other metal catalysts.

":i.. i_... :

: "ii!_ " .::_
,,_

•. .._

(a) (b)
Fig. 2 SEM images of a SiC substrate. (a) Before metal coating. (b) After metal coating.
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Themetal-coatedSiCsubstrateswereannealedat1000- 1200 °C in a vacuum electric furnace shown in

Fig. 1 for 1 hr. As a result, tubular nanostructures grew in the case ofPt, Ni, Co, Rh, and PtPd at 1200 °C. In the case
of the PtPd catalyst, the same nanostructures were formed at 1100 °C. Figure 3 shows the tubular structures, ranging
from 2 to 50 nm in diameter and from 500 nm to 10 gm in length, formed at 1200 °C using the PtPd catalyst. In other
cases of catalysts (Pt, Ni, Co, Rh), the diameter of the tubular structures is 20 - 50 nm for Pt, and 50 - 300 nm for
the others. Most of the tubular structures include a particle at the tip with the same diameter as those of them, which
thought to be the metal catalyst or its carbide. Figure 4 (b) indicates a reflection electron image of the tubular

structures shown in Fig. 3. The secondary electron image of the same area as the reflection electron image is shown
in Fig. 4 (a). The high contrast of the particles in Fig. 4 (b) exhibits different material from the tubular structures
including them. Thus the particles are thought to be the metal catalysts or their carbide. Using the PtPd catalyst, the
same structures have grown at 1100 °C. However, no tubular structures have grown at 1000 °C with any catalyst. In
addition, the results are not different between c_-and B-SiC substrates.

Fig. 3 SEM photograph of the synthesized CNTs and CNFs (heating temperature = 1200 °C, PtPd catalyst).

(a)

:::::::::::::::::::::::::: ..

.. ._._.. ..-.....

_.i'.. ..:::._::. """

(b)

Fig. 4 SEM photographs of the synthesized CNTs and CNFs (heating temperature = 1200 °C, PtPd catalyst).
(a) Secondary electron image. (b) Reflection electron image.

The TEM observation was carried out on the sample heated at 1200 °C with PtPd catalyst. To prepare the
TEM sample, the surface of SiC substrate with the tubular structure on it was scratched. The powders including the
tubular structures were suspended in ethanol, sonicated, and then a drop was put on a Cu microgrid covered with a
carbon thin film. The observation under TEM at an acceleration voltage of 200 keV has revealed that the tubular
structures consists of CNTs and carbon nanofibers (CNFs) with amorphous-like random structure. Figure 5 shows
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typical TEM images of the synthesized tubular structures. Figure 5 (a) shows a TEM photograph of the synthesized

CNT. This image indicates a multi-walled CNT (MWNT), which consists of 4 graphitic layers. The inner diameter is

approximately 0.7 nm and the outer diameter is 2.5 nm. Figure 5 (b) indicates a TEM photograph of the synthesized

CNFs with a diameter of 15 - 20 nm. The CNFs in Fig. 5 (b) exhibit amorphous structure without a hollow structure.

Generally speaking, tubular structures with a diameter of over 10 nm are found to be CNFs and ones with a diameter
of less than 10 nm are found to be CNTs.
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Fig. 5 TEM images of the synthesized CNTs and CNFs. (a) CNTs. (b) CNFs.

In this experiment, a metal particle exists at the tip of the CNTs and CNFs. This situation is similar to the tip

growth mode of CVD method (ref. 9). During CVD growth, carbon atoms to construct a CNT are provided fi'om the

hydrocarbon atmosphere into the metal particle. However no carbon source exist around the metal particle at the tip

of CNTs and CNFs here. Carbon atoms to form CNTs and CNFs are provided only fi'om their bottom, i. e., the SiC

substrate. By SEM and TEM analysis, the metal catalyst is not always observed around the bottom of the CNTs and

CNFs. However the melted metal catalyst is thought to exist around the bottom during the heating process, since

CNTs do not grow at a temperature of less than 1500 °C without any catalyst (ref. 7). During the cooling process to

room temperature, the metal catalyst condenses into solid and forms islands. Actually discrete metal islands have

been observed by SEM after the heating, while the metal covers all over the substrate surface before the heating. In

addition, the lower the metal coverage on the SiC substrate becomes, the lower density of CNTs and CNFs yields.

This implies the growth mechanism is similar to the base growth mode of CVD method (ref. 9), and the metal

particles at the tip contribute only the first stage of the growth. That is to say, a CNT or a CNF starts to grow around

a metal particle, and the diameter of the particle defines the diameter of the CNT or the CNE

In summary, we assume the following growth mechanism. The SiC substrate starts to decompose at over

1000 °C by the oxidation of Si by the residual oxygen in the vacuum chamber, and the oxidized Si is released fi'om

the substrate as a SiO gas (ref. 7). The residual C atoms dissolve and saturate in the metal particle. The precipitation

of carbon fi'om the saturated metal particle leads to the formation of tubular carbon solid. Once a CNT or a CNF

starts to grow, it continues to grow acquiring C atoms fi'om the saturated metal around its bottom. At this stage, the

metal catalyst accelerates the decomposition of SiC and growth of a CNT or a CNF. In fact, CNTs and CNFs

synthesized in this study are much longer than those of CNTs synthesized without a catalyst. For example, the

longest one by 1 hr heating with the PtPd catalyst exhibits approximately 10 gm in length, while CNTs by 6 hr

heating without a catalyst exhibit only 180 nm in length. In other words, the growth mechanism is thought to be

similar to that of CVD method, namely solid-source CVD, rather than the sublimating decomposition method

without a catalyst.
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SUMMARY

CNTs and CNFs have been synthesized by heating metal-coated polycrystalline SiC substrates at 1100 -
1200 °C in a vacuum (10 2 Torr). Au, Pt, Fe, Ni, Co, Pd, Rh, and PtPd have been used for the metal coating. As a

result, CNTs and CNFs have grown at 1200 °C using Pt, Ni, Co, Rh, and PtPd, and at 1100 °C using PtPd, while a
heating temperature of over 1500 °C is required without a catalys. SEM observations reveal that the synthesized

CNTs and CNFs range from 100 nm to 10 gm in length. TEM observations reveal that the synthesized CNTs are
MWNTs and range from 2 to 10 nm in diameter, and CNFs range from 10 to 300 nm in diameter. The growth
mechanism is thought to be similar to a solid-source CVD method.
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ABSTRACT

We report a novel method for the synthesis of carbon nanotubes (CNTs) by microwave irradiation. CNTs were

successfully synthesized on various supports such as carbon black, silica powder and organic polymer substrates. In

our method, microwave was directly irradiated on the catalyst particles which were impregnated or painted on the

substrates. Since the microwave energy is selectively absorbed by the catalyst particles, not by the substrates, local

heating occurs, resulting in the CNTs synthesis even on the organic polymer substrates with minimum degradation of

the substrate materials.

Cobalt or cobalt sulfide was loaded on the substrates as catalysts. Acetylene was used as a hydrocarbon source

under microwave irradiation. We have observed temporary arcing phenomenon during microwave irradiation and the

substrate was covered with CNTs without any damage in its appearance. Various shapes of carbons were observed

including CNTs, nanofibers, nanoparicles and amorphous carbons. It is an important merit of our method that we

can grow CNTs virtually on any substrate provided its absorption of microwave energy is small.

Keywords: carbon nanotubes, synthesis, microwave

INTRODUCTION

CNTs have drawn a great deal of attention since Iijima reported the existence of them in 1991 (ref. 1). Various

methods have been reported for the synthesis of CNTs : arc-discharge (ref. 1 to 4), laser ablation (ref. 5), plasma

synthesis (ref. 6 to 7), chemical vapor deposition (CVD) (ref. 8 to 12), flame synthesis and Smalley's recent

invention of high pressure CO (HIPCO) process (ref. 13 to 14). None of them is able to synthesize CNTs at low
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temperature(say,lessthan200°C),sothattheincorporationofCNTswithlowmeltingpointmaterialssuchas
organicpolymershasbeenseverelylimited.

PlasmasynthesisorCVDtechniqueshavebeenusedforthelowtemperaturesynthesisofCNTs,(ref.15to18)
thoughexperimentswerecarriedoutaround500°Cevenatreducedpressures.Therefore,it'sdifficulttoadapt
organicpolymersforvariousapplicationsofCNTs,especiallyforthesubstrateoffieldemissiondisplays(FEDs).

Inthispaper,weintroducemicrowaveheatingasasubstitutewithconventionalheatingmethodtoproduce
CNTsonlowmeltingtemperaturematerials.Intheconventionalheatingmethods,wholebodyofthereactorwas
heatedbyaheatingelement.Ontheotherhand,localheatingispossiblebyusingsuitablematerialsthatstrongly
absorbmicrowaveradiationandthenefficientlytransferthisenergytoreactants.Sincemostmaterialsdonotabsorb
electromagneticenergyofthemicrowave(ref.19to20),onlycatalystparticlescanbeselectivelyheatedtothe
temperatureofCNTssynthesis.Thesubstrateisnotheatedbythemicrowave,sothatit ispossibletoincorporate
CNTswithorganicpolymersinvariousapplications.

Inthisstudy,wereporttheCNTssynthesisbymicrowaveirradiationonthecatalystparticlesunderatmospheric
pressure.Weinvestigatedthemicrowave-inducedreactionusingcobaltcatalystloadedonvarioussupportsanda
substrate,whichisoneofthecommontransitionmetalcatalystsforCNTgrowth.

EXPERIMENTALDETAILS

Preparation of the catalysts

Cobalt (Co) was chosen as a catalyst and cobalt nitrate was used as its precursor material. Aqueous solution of

cobalt nitrate was loaded on two types of supports by impregnation : a microwave receptor material (carbon black,

CABOT, VULCAN) and an insulator material (SiO2 powder, Devisil). Their characteristics and metal contents are

shown in Table 1. The impregnated catalysts were dried overnight at ll0°C and then reduced in the flowing H2 at

500°C for 3hrs. The reduced cobalt catalyst loaded on SiO2 powder was additionally sulfided using 10 vol% H2S/H2

gas mixture at 400°C for 2hrs. Hereafter, it is denoted as Co(10)/SiO2. The phase of the catalyst was identified by

XRD (x-ray diffraction, MAC Science Co.) which utilizes Ni-filterd CuKc_ radiation ()v=l.5405A). It was observed

that cobalt existed as a metal phase after reduction and cobalt sulfide formed after sulfiding.

Table 1. Characteristics of the supports

Bet surface area Metal Content

Support (m2/g) Type (wt%)

C (carbon black) 199.6 Microwave receptor 5wt%

SiO2 (60-100mesh) 509.0 Microwave insulator 10wt%

Preparation of the substrate

To prepare cobalt sulfide loaded substrate, Teflon sheet of 2mm thick was used as a substrate. 1 gram of cobalt

black (Junsei co. Japan) were mixed with 10ml of Nation solution (5wt% aqueous solution, Aldrich) and sonicated

for 10minutes to disperse them well. The mixture was then painted on a sheet of Teflon to form a catalyst film. After

drying overnight at ll0°C, the substrate was sulfided with 10 vol% H2S/H2 mixed gas at 300°C for 10hours. Cobalt

sulfide particles, which acted as the catalyst for CNT growth, formed on the substrate.

Synthesis and Characterization

A quartz boat which contained catalyst powders was placed in a quartz reactor. Purified acetylene (C2H2),

hydrogen (H2), and hydrogen sulfide (H2S) gases were used to purge any air in the reactor before the start of the

microwave irradiation. Microwave was irradiated by a commercial microwave oven (2.45GHz, 800W, SAMSUNG)

with flowing reactant gases.

The formation of CNTs was identified by SEM and TEM. The morphology of CNTs and the catalyst particles

was observed by FE-SEM (field emission scanning electron microscope, Hitachi) and the structure by HR-TEM

(high resolution transmission electron microscope, JEOL 2010).
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RESULTS AND DISCUSSIONS

The reaction conditions for CNTs synthesis are summarized in Table 2. Carbon yield (%) was calculated by the

equation (1) based on the weight of catalysts.

Carbon yield (%) = (weight after reaction - weight of catalyst) x 100 / weight of catalyst ................ (1)

Table 2. Reaction conditions for CNTs Synthesis

Reactant gas Microwave CNT Carbon yield
Entry Catalyst* Weight (cm3/min) irradiation time

(g) synthesis (%)
C2H2/H2/H2S (min)

Fig. l(b) Co(5)/C 0.05 5 / 0 /0 30 yes 354

Fig. 2(a) Co(10)/SiO2 0.2 10 / 0 / 0 30 no 0

Fig. 2(b) Co(10)/SiO2 0.2 10 / 0 / 3 30 yes 7.5

Fig. 2(c) Co(10)Sx/SiO2 0.2 10 / 0 / 0 5 yes 15.5

Fig. 3 CoSx/Teflon 10 / 40 / 0 0.5 yes

* The number in the parenthesis is the weight percent.

Before the main experiments, we have performed control experiments in which microwave was irradiated with

flowing hydrocarbon gases, but without catalysts. No carbon was synthesized without catalysts. This confirmed that

microwave alone couldn't stimulate acetylene (C2H2) gas to produce carbon.

Addition of catalysts gave different results. In case of the catalysts loaded on the microwave receptor, Co(5)/C,

CNTs were grown even with a small amount of C2H2. Carbon yield went up to 354% after 30 minutes of microwave

irradiation. C (carbon black) without cobalt catalyst didn't result in the CNTs synthesis though there was a little

amount of carbon production. Both cobalt and carbon are microwave receptor materials. Therefore, they both absorb

microwave energy, so that they are easily heated to the temperature of carbon formation. However, it seems that

cobalt catalyst is responsible for the synthesis of CNTs.

Fig. 1 shows the FE-SEM images of fresh catalyst Co(5)/C and CNTs synthesized by microwave-induced

reaction of C2H2. There are no filamentous carbons before the reaction and only the carbon black supports are

noticeable. After microwave-induced reaction, long and bent shapes of CNTs are clearly observed as well as

amorphous and filamentous carbons.

Insulating support, SiO2, behaved differently. No CNTs were synthesized by just irradiating microwave even

with the cobalt catalysts as shown in Fig. 2(a). Although cobalt can absorb microwave energy, that seems to be not

sufficient for CNTs synthesis because SiO2 is an insulating material for microwave. It doesn't absorb microwave

energy, but it rather takes up the energy absorbed by the cobalt catalysts and dissipates it.

To solve this problem, we considered a candidate reaction system with a higher catalyst activity. We adopted

hydrogen sulfide (H2S) as a co-reactant gas to improve the activity of the catalyst loaded on the SiO2 support. CNTs

growth occurred with the addition of a small amount of H2S to C2H2 in the presence of Co/SiO2 catalyst after

30minutes of microwave irradiation,as shown in Fig. 2(b).

Fig. 1. Growth of CNTs on the catalyst-loaded Carbon black support.

(a) fresh catalyst, Co(5)/C.
(b) CNTs grown on the catalyst after microwave irradiation.
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Carbonyield,however,wasmuchsmaller(only7.5%)thanthecaseofCo/C(354%).Varioustypesofcarbon
structureswereobservedbyHR-TEM:CNTs,carbonnanofibershavingherring-bonewallstructureandamorphous
carbonparticles.H2Sitselfdidn'treactwithC2H2bymicrowaveirradiationintheabsenceofcatalysts.Wecouldnot
observeCNTsformationwithothergasesthanH2SevenwithCocatalysts.

Weobservedthatthechangeofcobaltmetalphasetocobaltsulfide.Cobaltsulfidemaybeamuchefficient
catalystforthesynthesisofCNTs.Toanswerthisquestion,cobaltsulfidewasloadedonSiO2(named,CoSx/SiO2)at
thefirstplace,thenmicrowavewasirradiatedwithflowingC2H2gas.Again,amorphouscarbons,filamentous
carbonsandherringbonetypecarbonnanofibersaswellasCNTswereobserved(Fig.2c).Comparedtotheprevious
case,however,thereactiontimeforCNTsgrowthwasreducedto5minutes,whilethecarbonyieldusingCoSx/SiO2
catalystbecamealmostdoubledfromthatofCo/SiO2catalystafter30minutesreaction.Therefore,Itcanbe
concludedthattheexistenceofsulfurasacompositionofreactantgasorcatalystisnecessarytothemicrowave-
inducedCNTssynthesiswhereaninsulatingmaterialisusedasasupport,andmetalsulfideismucheffective
catalystthanpuremetalcatalysts.

.i°-° ° ° .,..,°°
i :N:_.:::::..;_.,'.°.%°. ° °o °°°°,*o.
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Fig. 2. Growth of CNTs on the catalyst-loaded SiO2 support.

(a) No CNTs without H2S°

(b) CNTs with H2S°

(c) CNTs grown on Co(10)Sx/SiO2.

As an extension of these experiments, CNTs growth on an organic polymer substrate was carried out. Cobalt

sulfide particles, which acted as the catalyst for CNTs growth, were loaded on a Teflon sheet. Microwave was

irradiated with flowing C2H2 without H2S. C2H2 was pyrolized by an extremely short period of microwave

irradiation and CNTs indeed formed on the Teflon sheet. We observed temporary arcing phenomenon during

microwave irradiation. Teflon substrate was covered with carbon nanotubes without damage in its appearance.

Fig. 3(a) shows the FE-SEM image of CNTs synthesized after 30 seconds of microwave irradiation. Carbon

nanotubes grown on cobalt sulfide catalyst particles were short and straight. Various shapes of CNTs and carbon

nanoparticles were observed as well as amorphous carbons. HR-TEM images of the multi-walled carbon

ii_k_-!_'_:!!!;_!i!!!!!_iii!:_.:.,::::.::::ii'

Fig. 3. (a)FE-SEM image of CNTs grown on CoSx/Teflon. (b)HR-TEM image of a carbon nanotube
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nanotubesproducedinthiswaywereshowninFig.3(b).Theyaretensofnanometersthick,havehollowcoresand
closed-ends,andtheirfringestructures,whichwerecoveredwithamorphouscarbon,werewellconnected.

CONCLUSIONS

WestudiedanewtechniqueforthesynthesisofCNTsbymicrowaveheating.CNTsweresuccessfully
synthesizedonthecatalystsloadedonmicrowavereceptororinsulatorsupports,andevenonanorganicpolymer.
Sulfur,asH2Sgasormetalsulfidecatalyst,haveacriticalroleinCNTssynthesiswithmicrowaveirradiation.
Althoughpresentresultcontainsvariousformsofcarbonmaterials,thequalityofCNTscanbeimprovedbythe
optimizationofreactionconditionsandbytheselectionofbettercatalyst.Inconclusion,microwaveinducedreaction
madeitpossibletoincorporateCNTswithlowmeltingpointmaterialssuchasorganicpolymers.It maybecomean
importantadvancementtothefabricationofaflexiblefieldemissiondisplay(FED).
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ABSTRACT

Multi-walled carbon nanotubes (MWNTs) were synthesized from a laminar ethylene diffusion flame with a stainless

steel grid as the substrate. The grid was first oxidized using a premixed propane flame to generate a layer of metal

oxide particles (iron oxide, chromium oxide and nickel oxide) which could act as catalyst particles for the nanotube

growth. The as-grown nanotubes were entangled and curved with diameters ranging from 10 to 60nm. Carbon

nanofibers were also found; they might grow by thickening the nanotube walls. The maximum growth rate of

nanotubes was approximately 2-5gm/min and 3 mg/min. A nitrogen-diluted ethylene flame reduced the growth rate

of carbon nanofibers, probably by lower concentrations of pyrolyzed hydrocarbons due to a lowered flame

temperature. A cobalt-electrodeposited stainless steel grid produced vertically oriented, well-aligned and well-

graphitized carbon nanotubes consisting of each nanotube diameter 20nm and length 10 gm.

Keywords: ethylene diffusion flames, multi-walled carbon nanotubes, synthesis, growth mechanism.

INTRODUCTION

Carbon nanotubes are predicted to possess exceptional mechanical, electrical and thermal properties because of their

high strength, low density, and high electrical and thermal conductivity (ref. 1). Since their discovery in 1991 (ref.

2), much progress have been made on nanotube synthesis. Carbon nanotubes can be synthesized using arc-discharge

(ref. 3), laser vaporization (ref. 4), chemical vapor deposition (CVD) (ref. 5), doped diffusion flames (ref. 6), or

electrochemical synthesis (ref. 7). Here, we report a novel method for the synthesis of Multi-walled carbon

nanotubes using a simple unseeded ethylene diffusion flame.

Flame can be used for commercial synthesis of a broad range of materials such as carbon black. Although flame

synthesis of fullerenes was reported, the flame synthesis of CNTs has met with little success. Some carbon

nanotubes were found in the low pressure premixed hydrocarbon flames and diffusion flames (refs, 8 to 9, 6). But

the nanotube yield was too low to be found under SEM analysis. We present here a unique method to synthesize

carbon nanotubes without directly seeding materials into the flame. We used our previous experimental apparatus

and established a steady and stable laminar ethylene-air co-flow diffusion flame (ref. 10). The growth mechanism of

carbon nanotubes and the effect of nitrogen addition to the fuel stream on the nanotube growth rate were studied.

EXPERIMENTS

An unseeded laminar ethylene-air coflow diffusion flame was used to synthesis MWNTs. Figure 1 shows a

schematic diagram of the experimental apparatus. Ethylene (99.5% purity) was issued from a 1.1-cm diameter

stainless steel tube, which was surrounded by a 5 cm-diameter tube through which air flowed. With the average

linear fuel flow rate of 4.7cm/s and the average linear airflow rate of 63 cm/s, a steady and stable laminar flame with

a visible flame height of 33 mm was established on the burner port. All syntheses were performed at normal

atmospheric pressure. A stainless steel grid (type 304) was used as the substrate for the nanotube growth. The

material deposited on the wire was examined directly by SEM (Hitachi $900, 3kV). The deposit material was

dispersed in ethanol using a mild sonication. Drops of the dispersion were placed on the copper TEM grids and

dried for TEM analysis (JEOL JEM-2000-FX, 200kV). TEM-EDX (energy dispersive X-ray) analysis was

performed using an Oxford INCA detector attached to the TEM. A high-resolution TEM (JEOL 2010F, 200kV) was

also employed to study the microstructure of carbon nanotubes.
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Figure 1. A schematic diagram of flame-synthesis experiment to produce carbon nanotubes.

RESULTS AND DISCUSSION

When the stainless steel grid was inserted into the flame 4mm above the exit port without any pre-treatment, and

stayed there for 10 minutes, some black material deposited on the grid. There were no nanotubes found under SEM

analysis. But some MWNTs were found under TEM analysis. Most of the deposit material was amorphous soot

particles. It indicates that the metal oxide (iron oxide and nickel oxide) particles formed on the metal surface were

not suitable as the catalyst particles for carbon nanotube growth. In our previous study, a Ni-Cr wire was placed in

the laminar methane diffusion flame for 10 minutes, the formed nickel oxide particles were favorable for the carbon

nanotube growth (ref. 11). Although the iron oxide was easily formed than nickel oxide, the morphology of iron

oxide layer on the metal surface was different from that of nickel oxide. When the Ni-Cr wire was placed in the

ethylene flame for 10 minutes, some carbon fibers loaded with amorphous carbon particles were produced,

indicating the oxidation process in the ethylene flame to be somewhat different from the methane flame.

To synthesis a pure form of carbon nanotubes, we pre-oxidized the stainless steel grid using a lean premixed

propane flame for about 5 seconds. SEM and TEM analyses on the pre-oxidized grid showed that a layer of several

different types of particles whose diameter range from 10 to 200nm was formed. The TEM-EDX spectra identified

these particles to be iron, chromium, nickel, oxygen and carbon. We believe that most of the metal elements exist as

metal oxide form, some as metal carbide. When the grid was placed in the ethylene flame for 10 minutes, formed

was a layer of dark gray deposit material that was identified by SEM as a bundle of entangled and curved MWNTs

with their diameter of 10-60nm and some carbon fibers with diameter larger than 100nm (Fig. 2). The length of

nanotubes is at least several gm and the growth rate of gray material was more than 3mg/min.

The Sampling Time

Sampling time was changed between 1 and 10 minutes to see whether or not the morphology of carbon nanotube

changes. With an increase of sampling time, the production rate of carbon fibers increased, probably due to a

continuous deposition of pyrolytic carbon onto the carbon nanotubes (ref. 12). We found that the length of carbon

nanotubes reached the maximum length 2-5 btm within less than 1 minute, while with an increase of the sampling

time beyond 1 minute, the thickness of nanotube walls increased but the length remained the same. We also found

after the deposition of pyrolytic carbon on the nanotube surface, the nanotube grew mainly in thickness, but not

length, and eventually became a solid nanofiber. With a 10-minute sampling time, the nanotube diameter increased

to 20-60nm, but the thickness remained the same probably due to the formation of pyrolytic carbon on the nanotube

surface, different from our previous methane flame synthesis, where pyrolysis products are stable and the pyrolytic

carbon concentration is much lower than ethylene flames.
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(a) (b)

Figure 2. SEM (a) and TEM (b) images of carbon nanotubes synthesized from an ethylene diffusion-flame

using a stainless-steel sampling grid coated with catalyst particles created by a premixed propane

flame (magnification is shown in each figure).

The Effect of Nitrogen Addition

Our ethylene flame was diluted with nitrogen, [C2H4]/[N2] = 0.25, to change temperature of flame. The stainless

steel grid was pre-oxidized with a premixed propane flame, and was placed for 10 minutes in the ethylene flame at

the same position where we obtained the Figure 2 result. Figure 3 show SEM and TEM images of the carbon

nanotubes that contain few carbon fibers. The flame temperature at the sampling location in this diluted ethylene

flame is 1244°C, while the corresponding temperature for an undiluted ethylene flame is 1547°C. Thus, the

observed significant reduction of carbon fibers may be due to lower temperature and lower fuel concentration

conditions. The lower temperature that can reduce the pyrolysis rate of hydrocarbon products in the flame may be

something to do with an increase of nanotube formation but suppress the growth of carbon fibers. The nitrogen

dilution effect may also have something to do with the creation of the same diameter nanotubes, but at this point we

do not know why.

Cobalt-Coated Grid

The oxidized stainless steel grid produced entangled and curved multi-walled carbon nanotubes. To obtain straightly

aligned and uniform diameter nanotubes, cobalt particles were electrodeposited on to the stainless steel surface by a

two-probe dc method in 5 wt. % COS047H20 and 2 wt. % H3BO 3 solution for 5 minutes. This cobalt-coated

grid was placed for 5 minutes at the same location as the Figure 2 and 3 results. Figure 4 presents SEM and TEM

images of well-aligned and nearly uniform diameter carbon nanotubes obtained by the cobalt-coated grid.

Interestingly, some nanotubes bend down (Fig. 4), while others are straight (Fig. 5), although both nanotubes
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wereproducedbythesamecobalt-coatedgridatthesameflamelocation.Wenoticedspacingbetweeneach
nanotubeisdifferent:nanotubesintheFigure4aremorepackedthanthatintheFigure5,suggestingthatthe
mechanicalstrengthforeachnanotubetoshootupstraightmaybeweakenedbyfrictionbetweeneachnanotube.

TheGrowthMechanismofMWNTs

ThegrowthmechanismwasinvestigatedbyexaminetheSEM,TEMimagesandTEM-EDXspectra.IntheSEM
images,someparticleswerefoundattachedtotheoneendofthenanotubes.Theseparticleswerenotwellseparated,
andwerecloselyconnectedeachother.TheTEMimagesconfirmedthatveryfewparticleswereencapsulatedinside
thenanotubes.Thenanotubeswereprobablygrownfromsomesmallerparticles,andentangledeachother.The
nanotubesseemedtogrowmainlybyarootgrowththatwasdescribedbyBaker(ref.14).TheTEM-EDS(energy
dispersionspectrum)showedthattheseparticlesweremainlyironoxide,somearenickeloxide,confirmingour
examinationontheoxidizedmetalsurfacebeforenanotubegrowth.Theseparticlesactedascatalystparticlesfor
nanotubegrowth.Theinteractionbetweenmetalsurfaceandmetaloxideparticlesseemsveryweak.SEMimages
showedthatsomeparticleblockwasdetachedfromthesurfacebecauseofthenanotubegrowth.Buttheinteraction
betweentheseparticlesmaybestrong,becauseevenaftermildsonication,someparticlesarestillconnectedeach
otherontheTEMimages.Experimentalresultsshowedthatthediametersofcarbonnanotubeswerewellcorrelated
withthediametersofcatalystparticles(ref.15).Thesmallercatalystparticlesgeneratedsmallernanotubes.
Becausethemetaloxideparticleswerestronglybondedeachother,nocatalystparticlescouldbepushedupto
encapsulatenanotubes.
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Figure 4. SEM (a) and TEM (b) images of carbon nanotubes synthesized from an ethylene diffusion-flame

using a cobalt-coated stainless-steel grid (magnification is shown in each figure).

Figure 5. Vertically oriented, well-aligned

nanotubes synthesized by a cobalt-coated stainless

steel grid.

Figure 6. HRTEM image of a typical nanotube

synthesized by a cobalt-coated stainless-steel grid

(Scale bar: 5nm).
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Forthenanotubegrowthoutofcobaltparticles,TEM-EDXspectraconfirmtheexistenceofcobaltandoxygen.
Someofcobaltmaybeoxidizedintheflame.Figure4(a)SEMimageofcarbonnanotubesynthesizedfromcobalt
particlesshowsnoobviousparticlesorblockofparticlesattachedtothetubesthatwereobservedinthepropane
oxidizedgridsampling.Figure4(b)TEMimagealsodisplaysnocatalystparticlesencapsulatedinsidethe
nanotubesindicatingastrongbondbetweenthecobaltcatalystparticlesandthemetalsurface.Figure6high-
resolutionTEMimageshowsthatthenanotubessynthesizedfromourethyleneflamehavebeenwellgraphitized.

TheproductionrateofMWNTisverysensitivetothesamplinglocation.Withanincreaseofthesampling
locationabovethecurrentlocation,theconcentrationofpyrolyzedhydrocarbonproductsincreased.Someofthe
pyrolyzedhydrocarbonproductscanbedecomposedbycatalystparticles,buttherestwillproduceamorphous
carbons,acontaminantforcatalystparticles.

CONCLUSIONS

Throughthisstudy,wefoundthatanunseededlaminarethylenediffusionflamecanbeanexcellentmeansto
synthesizeMWNTs.Withastainlesssteelgridasthesubstrate,entanglednanotubeshavingeachtubediameter10-
60nmwereformed.Wefoundthemetaloxideparticlesformedduringoxidizationtohaveactedascatalystparticles.
Wealsofoundthatdilutionoftheflamewithnitrogenhelpedtoreducethepyrolyticcarbondepositiononthe
nanotubes.Withacobalt-electrodepositedstainlesssteelgrid,verticallyorientedwell-alignednanotubesconsisting
ofanearlyuniformdiameternanotubewereproduced.
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ABSTRACT

To improve nanotube production, we developed a novel optical control technique, based of the shape of
the visible plasma zone created between the anode and the cathode in the direct current (DC) arc process. For a

given inert gas, we adjust the anode to cathode distance (ACD) in order to obtain strong visible vortices around
the cathode. This enhance anode vaporization, which improve nanotubes formation. In light of our experimental
results, we focus our discussion on the relationship between plasma parameters and nanotube growth. Plasma

temperature control during arc process is achieved using argon, helium and their mixtures as a buffer gases. The
variation of the gas mixture from pure argon to pure helium changes plasma temperature. As a consequence, the

microscopic characteristics of nanotubes as diameter distribution is changed moving from smaller values for
argon to higher diameters for helium. We also observe a dependence of the macroscopic characteristics of the

final products as Brunauer-Emmett-Teller (BET) surface area.

Keywords: carbon, nanotubes, diameter, BET, control

INTRODUCTION

The interest on single-walled carbon nanotubes (SWCNTs) has been stimulated by the properties and
potential applications of these novel one-dimensional objects (ref. 1). Currently, there is an important challenge
to understand the growth mechanism and to control the structure of the produced nanotubes. For the arc process,

the plasma temperature distribution is an intimate component of SWCNTs synthesis (ref. 2). This parameter
controls species production and condensation, hence nanotube growth and morphology. To control this parameter
the majority of laboratory scale arc reactors use a water cooling system. Plasma temperature control is

accomplished by one of the following methods: 1) changing the plasma conditions by varying the electric current
and/or 2) varying the anode to cathode distance (ACD) to maintain a constant voltage. These methods do not

allow active control on the plasma temperature, independently of plasma parameters. An alternative approach
was developed in our recent work (ref. 3), which consists of varying the conductance of the gap between the
electrodes, using an argon-helium mixture as the inert background gas. Unfortunately, the yield of nanotubes was

found to be much higher with helium than with argon. To improve nanotube production independently of the
used inert gas, we developed an optical control technique based on the shape of the visible plasma zone. For a

given inert gas composition, we adjust the gap distance in order to obtain a strong visible vortices at the edge of
the cathode. These vortices are suspected to ensure a maximal mass flux of carbon and catalyst species from the
plasma zone to the cold cathode region, and to enhance the nanotube growth. In the present work we have

achieved a set of experiments with different argon-helium mixtures as inert gases. In addition, the morphology
and the structure of SWCNTs were analyzed using Raman spectroscopy to determine diameter distribution, and

Brunauer-Emmett-Teller (BET) surface analysis to estimate the surface area of as produced nanotubes.
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EXPERIMENTAL

SWCNTswerepreparedbyconventionalelectricarcdischargemethod.Thereactorconsistsofawater-
cooledreactionchamber,inwhichhasbeenintroducedananode,madeofpuregraphite:AlfaUltracarbonrod,6
mmin diameterand150mmlength.Thecathodeisalsomadeinhighpolishedgraphite.Nickelandyttrium,
wereintroducedascatalystsinadrilledholeinsidetheanodeof3mmdiameterand100mmlength.Finallythe
anode,includingtheoutergraphiteshell,consistsof94.8%atom.carbon,4.2%atom.nickeland1%atom.
yttrium.Inthepresentworkwehaveachievedasetofsixexperimentswithdifferentargon-heliummixturesused
asinertgasesundercontrolledpressure(ref.3).Optimumnanotubeyieldwasfoundatapressureof660mbarfor
pureheliumand100mbarforpureargon.Varyingthepercentageofheliumfrom0to 100withastepof20%,
thepressurewasarbitrarilyfittedusingalinearfitbetween100mbarand660mbar.Thethermalconductivityof
themixturedependsontherelativeconcentrationofthetwogases.Thethermalconductivityofargonisabout
eighttimessmallerthanof thehelium.Varyingtherelativeconcentrationof thetwogasesinfluencesthe
temperaturegradientbetweentheplasmaandthecathode.Thisaffectsthecondensationofatomiccarbonand
metalcatalysts,hencethenanotubediameterdistribution.

Theelectricparametersofalltheexperimentsweremaintainedatadirectcurrentof100Atocreatethe
arcdischarge.Inthebeginningtheplasmais ignitedbycontactbetweentheelectrodes,whichincreasesthe
temperatureofthecontactpointuntilevaporationoftheanodematerial.Whenthedischargeruns,theplasmais
observedthroughthequartzwindowofthereactionchamber,andamagnifiedimageoftheluminescentplasma
isprojectedonascreen,usinglens.Theanodeismovedbackuntilvorticesappearbetweenthegrowingdeposit
onthecathodeandtheburninganode.Thegapdistancebetweentheelectrodesismaintainedbymovingthe
anodetowardthecathode.Thehightemperatureneartheanodeandthehighenergydensitiesin theplasma
ensureatotalvaporizationoftheanodematerial,whilethewatercooledcathodeleadstohighquenchratesand
tonanotubeformation.Theexperimentalresultsindicatethatthecarbonnanotubesaregeneratedonthefront-end
surfaceofthedeposit.Thequenchprocessiscomplexanduncontrolledbutweusuallyobtainvariousproducts:
sootonthereactorwalls,web-likestructuresbetweenthecathodeandthechamberwalls,a depositonthe
cathode'sedge,andarubber-likecollaretaroundthisdeposit.

Pictures of the projected plasma have been taken with a video camera and using the recorded film we

can determine the distance between the electrodes in every moment of the experience. A data acquisition system,
composed of a power and harmonics clamp and a multimeter connected to a PC, allows recording the variations

respectively of the intensity of the current, and of the difference of the potential. Nanotube diameter was
determined using Raman spectroscopy using spectrophotometer Jobin Yvon T64000. Spectra have been recorded
at room temperature in ambient air with an argon laser at 514.5 nm. Surface analyses was accomplished with a

BET COULTER SA 3100 instrument using nitrogen gas in order to determine the BET surface areas as well as
the pore size distributions. The method consists of one-hour gas evacuation at 393 K and of determination of the
pore volume introducing helium gas, followed by adsorption of nitrogen at temperature of liquid nitrogen (77 K).

RESULTS AND DISCUSSION

Plasma characteristics

In the present work, we have achieved the set of six experiments with different argon-helium mixtures as
discussed above. The plasma characteristics are reported here only for pure argon plasma but are reproducible for

all the experiments. The conditions of the synthesis of nanotubes namely ACD were modified in order to improve
the yield of nanotubes. This parameter was not maintained constant as suggested in refs. 4,5, but varied to
establish a visible vortices around the cathode. These vortices are visible probably because of the presence of

small particles of carbon acting as markers in the stream.

During all the experiments, we distinguished qualitatively two operative regimes concerning the shape
and the color of the plasma.

1) The first is the stable regime, during which the arc flame is uniform, in a blue-green color, and does
not change its shape and brightness (figure la, lb). We adjust manually the distance between

electrodes, until the appearance of the vortices (figure lc, 1d). We found in our geometry that when
we use argon as inert gas, the optimal distance between the electrodes, encouraging the formation of
vortices is between 15 to 17 ram.
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2) The second regime is not desirable, the vortices do not appear; the color of the arc flame is blue-
purple and the brightness is weaker (figure 2a, 2b). This regime is unfavorable for the synthesis of

nanotubes. It appears when the anode is very near (ACD 1 to 7 mm) or when it is very far from the
cathode, (ACD greater than 18 mm). If we continue to move away the anode from the cathode the
arc extinct.

Figure 1. Development of vortices in argon plasma (Pressure = 100 mbar, Current = 100 A). The
streamlines are curved outside the plane of symmetry.

Figure 2. Pictures of the non-desirable regime. The vortices do not appear

Finally, the effect of the control of the ACD on the yield of nanotubes is reported on figure 3. From this

figure we can conclude that optimal ACD giving vortices improve significantly the yield of collaret, compared
with ACD giving a constant voltage (U 40 V). For some mixtures namely 0 % and 40 % argon, the deposition
of webs on the quartz window makes ACD control difficult and explain the decrease of the mass of collaret. For

pure argon the yield is improved by a factor 3.5.
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OurfirstexperimentalresultsdemonstrateclearlytheefficiencyofACDcontroltechniquefordifferent
inertatmospheres.Thisnewdesignprovidesameansto improvenanotubeyieldbutalsoto controlgradient
temperaturein thearc independentlyof plasmaconditionsi.e. current and voltage. This increases the
repeatability of experiments for various process conditions. It also provides the opportunity to control the
morphology of nanotubes. Indeed, since the thermal conductivity of the argon-helium mixture is affected by the

relative concentration of the two gases, we expect that control of thermal transfer and hence condensation of
atomic carbon and metals between the plasma and the vicinity of the cathode can control nanotube diameter in
arc process. This result implies that single-layer tubules nucleate and grow on a metal particle with different sizes

depending on the quenching rate in the plasma and suggests that temperature and carbon and metal densities
affect the diameter distribution.
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Figure 3. Effect of the anode to cathode distance on collaret mass collected in the cathode using following

parameters: burned anode length 100 mm and current I=100 A. [] ACD was maintained constant at 3 mm.
• ACD was varied to obtain vortices.

Microscopic characteristics: nanotube diameter

For each sample, we have recorded spectra on at least ten different points to get the best view of all the

sample. Two main regions of the Raman spectrum can be attributed to SWCNTs: 1) the high frequency (1500-
1600 cm -1) and 2) the low frequency (100-250 cm -1) ranges. In figure 4a, we can see the overall spectrum and in

figure 4b, the low frequency range has been scaled up to better observe the breathing modes ofnanotubes.
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Figure 4. (a) Overall Raman spectrum and (b) Radial breathing mode of the SWNT produced with

various concentration of Ar in the inert atmosphere. The percentage of Ar is indicated on the rigth side.
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Therelativeintensityofthesebandschangesastheinertgasvariesfrompureheliumtopureargon.To
determineexactlythevariationin thediameterdistribution,wehavefittedseverallorentzianshapes(oneshape
perband)tothewholegroupofpeaksassignedtothebreathingmode.Inthisway,wehavebeenabletogetthe
proportionofeachdiameterforallrecordedspectra.Wecanthencalculateanaveragediameterdistributionand
anaveragediameterfromallspectraobtainedonthesamesample.Weassumethatthediameterdistributionand
averagediameterdependontheinertatmospherecondition.Thisdependenceisgiveninthefigure5.Varyingthe
gasfromheliumtoargonchangesaveragediametertosmallervalues.
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Figure 5. Variation of the average nanotube diameter as determined by Raman spectroscopy with the

argon percentage in the arc chamber obtained with I=100 A and optimal ACD giving vortices around the
cathode.

Macroscopic characteristics: BET surface area

The BET analysis of the as-produced nanotubes was achieved during this work and permits to measure

the BET surface area. On the figure 6, we report the variation of the BET surface area of the collected collaret
with the argon mole fraction in the inert gas obtained with the optimal ACD discussed above. On the figure 7 we
report the corresponding isotherms of nitrogen adsorption on nanotubes. BET surface areas varies in the range of
[200 450 m2/g] and are less than the outer surface area of single nanotube (1300 m2/g) as given by Ye ef al.

(ref. 6). This is a proof that the measured BET surface area is attributed to the outer surface of a nanotubes

organized in bundles, or "ropes" of SWCNTs as discussed in ref. 6. Hence, the parameter controlling BET
surface area must be the rope diameter. In spite the fact that the relationship between individual nanotube
diameter and rope diameter is not yet fully understood, we can conclude that the macroscopic surface area of

nanotubes is controlled by the argon-helium mixture gases. In our knowledge, the maximal value of BET surface
area published in the literature never exceed 350 m2/g. Further High Resolution Transmission Electron
Microscopy (HRTEM) observations of our samples are needed to determine the number of individual nanotubes

per rope and to better understand this result. In the present work, the maximal value of BET surface area is found
with mixture of 80 % helium and 20 % argon, and it decrease increasing the argon percentage. In the most

favorable case the BET surface is 440 mTg, which is bigger than the values reported in the ref. 6 (285 m2/g).
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Figure 6. Variation of the BET surface area of the collaret with the argon mole fraction.
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Figure 7. Adsorption isotherms of nitrogen at 77 K on as prepared nanotubes at different argon
mole fractions.

CONCLUSION

The mechanism of plasma control with a variable ACD and a variable thermal conductivity of the
plasma is demonstrated in this paper and validated in DC arc process for specific SWCNTs synthesis. More
precisely, it was demonstrated that varying the arc plasma parameters and basically the distance between the

electrodes permits to work in optimal regime, with a strong vortices around the cathode, which increase
significantly the nanotube yield. This suggests that controlling the argon-helium mixture and/or the ACD provide

the opportunity to control simultaneously:
1) microscopic nanotube parameters as nanotube diameter in the range of 1.27 to 1.37 nm
2) macroscopic nanotube parameters as BET surface area in the range of 200 to 450 m2/g.

This opens new horizons to investigate hydrogen adsorption in SWCNTs of different diameters.
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Boundary-layer control during carbon nanotube growth by arc method

Single-walled carbon nanotubes (SWCNTs) have interesting properties and potential applications [ 1].

Many experimental and theoretical works have been done to provide an understanding of the growth

mechanism and to optimize the process. Several laboratory-scale methods have been proposed including arc

[2,3] and laser [4,5] condensation of vaporized carbon in the presence of catalyst. In the present work,

nanotubes were produced using are-evaporation method in helium gas ambient under controlled pressure. The

reactor consists of a water-e0oled reaction chamber with two cooled graphite rods. For the anode, a mixture of

graphite with nickel and yttrium acting as catalyst is used. The cathode is made in pure graphite. A direct

current of 100 A driven by 40 volts passes through the electrodes and a plasma is created in the inter-electrode

region. The gap between the electrodes is controlled manually by moving the anode toward the cathode and by

projecting a magnified image of the luminescent plasma on a screen using a lens. This image is used to in situ

characterize and control flow by moving the anode as nanotubes grow. The light can be also spectroscopically-

analyzed to determine populations of species and temperature.

The plasma is firstly ignited by a contact between the anode and the cathode, which increases the

temperature in the contact point until evaporation of the anode material. Then, the anode is moved back to

maintain a desired gap between growing deposit on the cathode and burning anode. An active plasma zone

bounded by the deposit and the anode is created. The function of this zone is to produce optimally carbon and

catalyst vapors which diffuse then to the cooled reactor regions. The carbon species are deposited as cellaret in

the vicinity of the cathode deposit and soot on the reactor walls. The high temperature near the anode and the

high energy densities in the plasma ensure a total vaporization of the anode material, while"the water cooled

cathode leads to high quench rates and nanotubes formation. The quench process is complex and uncontrolled

but we usually obtain various products: soot on the reactor walls, web-like structures between the cathode and

the chamber walls, a deposit on the cathode's edge, and a rubber-like cellaret around this deposit. We only

focused this study on the cellaret which is known to contain the highest density of SWCNTs [3] and we need to
maximize the amount of this cellaret.

First, we experimentally observe a macroscopic dependency of the amount of cellaret collected and the

anode to cathode distance. Then, we analyze the flow under the exact conditions of nanotube growth. At high

gap of about 6 mm corresponding to the anode diameter, visible parallel streamlines traced by blackbody

radiation emitted from hot carbon particles are present in the plasma. When decreasing this gap to about 3 ram,

streamlines are curved and vortices appears in the cathode region. At smaller gap values, deposit temperature is

so high that cathode deposit material is evaporated. We found that the optimal regime for nanotube production

in the arc process is not dictated by the maintenance of a constant voltage as reported in [3], but the

maintenance of a vortices close to the cathode. This is achieved by adjusting anode to cathode distance during

nanotube production. A suitable shape of the pIasma corresponds to the creation era strong visible vortices

which ensure a maximal time of stay of carbon species and catalyst particles in cold region and then enhance

nanotube production.
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ABSTRACT

We present the first report on growing vertically aligned carbon nanotubes (CNTs) on Si substrates by means of

a physical vapor deposition technique: RF-plasma assisted pulsed-laser deposition (PLD). Our CNTs are grown at

800o by using Fe nano-particles as the catalysts. Two RF-plasmas are used with the first one applied on a ring

electrode placed between the graphite target and substrates. The second RF-plasma coupled on the substrate holder

initiates negative dc self-bias voltage on the substrates. Hydrogen is used as the working gas. These CNTs are multi-

walled, 200-400 nm in length and about 40 to 80 nm in diameter. The density of such CNTs is estimated as >1 x 108

cm -2. Some CNTs are as long as 1 gm in length. According to high-resolution transmission electron microscope

(HRTEM), these tubes are constructed of high-quality graphitic structure. We speculate that CNTs with diameter of

4 • are confined inside our multi-walled CNTs.

Keywords: carbon nanotubes; catalyst; Fe, RF-plasma; pulsed-laser deposition

INTRODUCTION

Large scale, vertically aligned multi-walled carbon nanotubes (CNTs) can be grown on various substrates by

chemical vapor deposition (CVD) techniques like thermal CVD (ref. 1), plasma enhanced hot filament CVD (refs. 2

to 3) and plasma CVD (ref. 4). These CNTs are promising for the application of electron filed emission like cold-

cathode flat panel display. However, most of these CNTs are more properly called carbon nanofibers (refs. 2 to 3 and

5) because of the absent of high order graphitic crystalline. Distorted of graphitic structures can happened on the

whole tube or at least near the outermost walls of the tubular structures. Likewise, both single wall and multi-walled

CNTs can be grown by physical evaporation techniques like arc discharge (refs. 6 to 8) and laser ablation (ref. 9).

These CNTs are constructed from high-quality graphitic sheets, free standing but is mixed of carbon impurities. It is

desired to understand way to growth high quality, vertically aligned multi-walled CNTs on substrates. On the other

hand, techniques to growth large scale, single wall CNTs on substrates are important if single wall CNTs are to be

used for the purpose of nano-devices. So, new synthesis routes of CNTs that combined abilities of CVD and physical

evaporation techniques are desired.

We attempt to grow vertically aligned multi-walled CNTs by a physical vapor deposition (PVD) technique. The

foremost step to begin such an attempt is trying to simulate the synthesis condition of PVD to that of CVD for

growing aligned multi-walled CNTs. In this work, we report on the growth of aligned CNTs on Si(100) substrates by
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RF-plasma assisted pulsed laser deposition (PLD). Details on the synthesis procedure and the structure of these
CNTs are discussed.

EXPERIMENTAL DETAILS

Deposition system

Our deposition system consist of a solid-state UV laser (5c0, fifth harmonic generation of Nd:YAG lasers at a

wavelenghth of 213 nm) with pulse duration of 3 ns (ref. 10). Because of the short pulse duration, this UV radiation

can provide 5-10 times higher intensity than excimer lasers (KrF, ArF) when identical energy density is applied. The

schematic diagram of RF-plasma assisted PLD system is shown in Figure 1. As shown, two RF-plasmas are

applicable to assist deposition. The RF plasma coupled to a Mo substrate holder induced negative self-bias voltage

on the substrate (Vb) and initiated ion bombardment on the growth surface. We choose to use slow deposition rate for

the growth of CNTs by focusing the UV light on the graphite target (99.99 at. %) with an intensity of 0.27 GWcm -2.

Similar approach was used to prepare carbon nitride films with predominantly sp3C-N bonds (ref. 11). The carbon

plume generated from such ablation is the only carbon source for the deposition on the treated Si substrates attached

on a heater 4 cm away from the target.

For the synthesis of CNTs, we installed another RF-plasma on a ring shape Mo electrode located in between the

target and substrates. This plasma induced a negative self-bias voltage on the electrode and is referred as V_ing

hereafter. Our CNTs were grown at 800 • with a fixed bias voltage on the electrode, V_ing = -500V. The ambience gas

pressure was fixed at 5x10 -1 mbar. Because of the low ablation rate, all samples were deposited for about 8 hours.
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Figure 1. Experimental setup of the RF-plasma assisted PLD system.
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Substratepretreatments
Thegrowthofverticallyalignedmulti-walledCNTsrequirednano-sizetransitionmetalcatalysts.Weuse

commerciallyavailableFenanopowder(20nm.). This powder was coated on Si substrate by alcohol suspension

method and dry in air at RT. The treated substrates were than mounted into the vacuum chamber and treated with H2

RF-plasma and Vb = - 0 V, V_ing= -500V for about 15 minutes at 800 .. After the plasma treatment, laser ablation

was started at 800 .under various Vb. During the plasma treatment, the Fe nano-particles will rearranged themselves

uniformly into particles of < 100 nm• as confirmed by field emission scanning electron microscope (FESEM) under

the controlled experiments.

RESULTS AND DISCUSSION

The formation of CNTs depends strongly on the laser intensity, configuration of RF-plasma, substrate bias

voltage and the synthesis gas ambience. Details of these results are to be discussed elsewhere. In short, substrate bias

voltage is indispensable. Next, the deposition condition must not allow formation of amorphous carbon film. Also,

H2 plasmas are necessary for the formation of high-quality graphitic structure. All these are crucial for the formation

of CNTs instead of carbon nanofibers with poor crystalline structure.

For example, at Vb = - 100 V and V_ing = -500V, formation of CNTs is detected by FESEM as shown in Figure 2.

From such a magnified view tilted at 45., these CNTs are 200-400 nm in length and about 40-80 nm in diameter. As

shown, within an area of four square micrometers, more than four CNTs can be observed through out the whole

surface of the sample. The density of such CNTs is thus estimated as > lxl08 cm -2. Such a density is at similar order

of magnitude to those typically obtained by CVD techniques. Some CNTs on our sample are as long as 1 btm.

Figure 2. Vertically aligned carbon nanotubes on Si substrates.
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Structural property of our CNTs was examined by High-resolution transmission electron microscopy (HRTEM)

using a FEG-TEM (JEOL 3000F) operating at 300 keV. CNTs sample was prepared by scratching CNTs from the Si

substrate on to a microgrid. HRTEM indicates that we have grown multi-walled CNTs with high-quality graphitic

sheets. Figure 3 shows a magnified view at the outermost walls of the tubes. As shown, structural distortions are

rarely observed. We think that this might attributed to the high density of atomic hydrogen in our synthesis ambience.

Low ablation rate of graphite and highly reactive H2 RF-plasma as generated by the ring electrodes are crucial. Note

that no CNTs can be grown when substrate bias voltage is not applied (Vbias = 0).

Figure 3. HRTEM image of carbon nanotubes at the outermost graphitic walls.

According to our result, the whole volume of our CNTs are filled of highly-parallel graphitic planes with regular

inter-plan spacing of 3.4.. The possible explanation is that a CNT with diameter of 4. is confined at the center of the

multi-walled CNTs. Further analysis is required to confirm our speculation. Note that CNT with diameter of 4. was

recently produced by arc discharge of graphite in H2 atmosphere (ref. 12).

CONCLUSION

As a conclusion, we have presented the first report on growing vertically aligned carbon nanotubes (CNTs) on

Si substrates by means of a physical vapor deposition technique: RF-plasma assisted pulsed-laser deposition (PLD).

These CNTs are multi-walled, 200-400 nm in length and about 40 to 80 nm in diameter. The density of such CNTs is

estimated as >1 x 108 cm -2. Some CNTs are as long as 1 gm in length. According to high-resolution transmission

electron microscope (HRTEM), these tubes are constructed of high-quality graphite structure. We suspect that CNTs

with diameter of 4 • are confined inside our multi-walled CNTs. Reactive H2 ambience and substrate negative bias

voltage are important for the formation of CNTs with good crystalline property or else, carbon nanofibers are formed.
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ABSTRACT

Since the discovery of carbon nanotubes(CNTs), various methods of the synthesis of CNTs have been reported :
arc-discharge, laser ablation, chemical vapor deposition, flame synthesis and Smalley's recent invention of high
pressure CO(HIPCO) process. None of them is able to synthesize CNTs at low temperature (say, less than 200°C), so
that the incorporation of CNTs with low melting point materials such as organic polymers has been severely limited.

Here, we report a novel method for CNT synthesis by microwave irradiation. Carbon nanotubes were
successfully synthesized on various supports such as carbon black, silica powder, a sheet of sodalime glass, and
finally organic pot)aner substratesO_eflon and polycarbonates) [_1.In our method, microwave was directly irradiated
on the catalyst particles which were impregnated or painted on various substrates. Since the microwave energy is
selectively absorbed by the catalysts, not by the substrates, local heating occurs, resulting in the CNT synthesis even
on the organic polymer substrates, and degradation of the substrate material is minimum.

Microwave(2.45GHz, 800W) was irradiated using acetylene as a hydrocarbon source and cobalt naphtenate and
cobalt sulfide as the catalysts loaded on the substrates. We have observed temporary arcing phenomenon during
microwave irradiation and the substrate was covered with CNTs without any damage to its appearance. The
morphology and structure of carbon nanotubes were observed by using FE-SEM (field emission scanning electron
microscope) and HR-TEM (high resolution transmission electron microscope). Various shapes of carbon nanotubes
and nanoparticles were observed as well as with amorphous carbons, and CNTs produced in this way were short,
straight, and multi-walled. They varied depending upon the catalyst phases and reaction conditions.

It is an important merit of our method which make it possible to grow CNTs virtually any substrate provided its
absorption of microwave energy is small. This novel synthesis technique is expected to be applicable to the
fabrication of the flexible field emission displays (FEDs).

References

[1] Eun Hwa Hong, Kun-Hong Lee, Chang-Mo Ryu, Jong Hun Han and Iae Eun Ryu, "Method of synthesizing
Carbon Nanotubes and apparatus being used therein", Korea Patent Application No. 10-2000-55829 (2000. 9. 22.)

Keywords: carbon nanotubes, synthesis, substmte, microwave

Corresponding Author : Kun-Hong Lee"
Department of Chemical Engineering, Pohang University of Science and Engineering, San 31, Hyoja-Dong,
Nam-Ku, Pohang, Kyungbuk, 790-784, South Korea
e-mail : .c.e20.O47._t_s.te.c...h..ac._
Fax: (82)54-279-8298
Tel: (82)54-279-2271

NASA/CP--2001-210948 828 August 6, 2001



A NOVEL APPROACH TO GROWTH OF LARGE SCALE ALIGNED CARBON

NANOTUBES OR CARBON NANOSHEETS ON SI SUBSTRATE BY ECR CHEMICAL

VAPOR DEPOSITION

Chao Hsun Lin, FIui Lin Chang, Ming Her Tsai and Cheng Tzu Kuo
Department of Materials Science and Engineering, National Chiao Tung University, Hsinchu 300, Taiwan

E-mail; ctkuo@ee.nctu,edu.tw

ABSTRACT
A novel microwave ECR CVD process to grow large scale (4 x 4 cm 2) aligned carbon nanotubes or seaweed-

like "carbon nano-sheets" on p-type Si wafer was developed with CI-h and/or H2 as source gases. Before nanotube
deposition, the Si substrate was etched by HF solution and then dispersed with a layer of catalyst, including Fe, Co,
Ni or Pd. The deposited surfaces at different deposition stages were characterized by SEM, TEM, Ramaa and CL
spectroscopy. The field emission properties were determined by I-V measurements. Effects of processing parameters
including various pretreatments on growth rate, nanotube morphology, crystal structure, formation mechanism and
field emission properties were examined. The preliminary results show that the well-aligned nanotubes or
nanosheets can be obtained. A unique feature of the seaweed-like nanosheets of few microns in length has not been
reported in the literature. Effect of ECR on nanotubes and nanosheets formation will be discussed.

Keywords: Carbon nanotubes, Carbon nanosheets, ECRCVD, Catalyst, Field emission
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Different type of carbon fibers are grown over the alumina, quartz and

oxidized silicon substrate taking camphor as a precursor material. The

vaporized camphoric gas is pyrolysed in wide range of temperature from

700°C to 1100°C in different catalytic medium and different atmosphere. In

some cases fibers are found to grow horizontally starting from a point to

outward like spoke in the bicycle wheel but in other cases it protrudes

towards image analyzer. This paper will present a very simple experimental

method of production and a detail comparative study of the effect of

substrate, temperature, catalyst and medium of reaction along with a

proposed mechanism. All analysis has been done by SEM, TEM and EDAX.

This is the first time we obtained Vapor Grown Carbon Fibers using a new

source camphor. Camphor, a volatile material found much easier to vaporize

and get deposition.
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